Nontraditional hydrogen bonding in asymmetric Lewis acid catalysis by Vernier, Brandon
Duquesne University
Duquesne Scholarship Collection
Electronic Theses and Dissertations
Spring 5-10-2019
Nontraditional hydrogen bonding in asymmetric
Lewis acid catalysis
Brandon Vernier
Follow this and additional works at: https://dsc.duq.edu/etd
Part of the Organic Chemistry Commons, and the Physical Chemistry Commons
This One-year Embargo is brought to you for free and open access by Duquesne Scholarship Collection. It has been accepted for inclusion in Electronic
Theses and Dissertations by an authorized administrator of Duquesne Scholarship Collection.
Recommended Citation
Vernier, B. (2019). Nontraditional hydrogen bonding in asymmetric Lewis acid catalysis (Doctoral dissertation, Duquesne
University). Retrieved from https://dsc.duq.edu/etd/1794
  
 
 
NONTRADITIONAL HYDROGEN BONDING IN ASYMMETRIC LEWIS ACID 
CATALYSIS 
 
 
 
 
A Dissertation 
Submitted to the Bayer School of Natural and Environmental Science 
 
 
 
Duquesne University 
 
In partial fulfillment of the requirements for 
the degree of Doctor of Philosophy 
 
By 
Brandon Tyler Vernier 
 
May 2019 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright by 
Brandon Tyler Vernier 
 
2019 
  iii 
 
 
 
 
NONTRADITIONAL HYDROGEN BONDING IN ASYMMETRIC LEWIS ACID  
 
CATALYSIS 
 
 
 
 
 
 
 
By 
 
Brandon Tyler Vernier 
 
Approved October 18, 2018 
 
 
 
________________________________ 
Jeffrey D. Evanseck 
Professor of Chemistry 
Lambert F. Minucci Chair in Engineering 
and Computational Sciences 
(Committee Chair) 
 
 
 
 
________________________________ 
Bruce Beaver 
Professor of Chemistry 
(Committee Member) 
________________________________ 
Aaron Bloomfield 
Assistant Professor of Chemistry 
(Committee Member) 
 
 
 
 
________________________________ 
Jeffrey J. Rohde 
Professor of Chemistry 
Franciscan University of Steubenville 
(Committee Member) 
________________________________ 
Philip Reeder 
Dean, Bayer School of Natural and 
Environmental Science 
________________________________ 
Ellen S. Gawalt 
Chair, Department of Chemistry and 
Biochemistry 
Professor of Chemistry 
Hillman Distinguished Professor 
 
 
  iv 
ABSTRACT 
 
NONTRADITIONAL HYDROGEN BONDING IN ASYMMETRIC LEWIS ACID 
CATALYSIS 
 
 
 
By 
Brandon Vernier 
May 2019 
 
Dissertation supervised by Jeffrey D. Evanseck 
In the field of asymmetric induction, there is a shift from the synthesis of reaction 
specific chiral auxiliaries towards a broader mechanistic approach. Our approach is to 
develop a theory of asymmetric catalyst design from first principles. The Diels-Alder 
reaction of 2-methacrolein and 1,3-cyclopentadiene in the presence of 15 mole% l-
menthoxy aluminum dichloride, reported by Koga, achieved the (S)-exo-Diels-Alder 
cycloadduct with 72% ee (0% ee endo for acrolein). The dramatic change from 72% to 0% 
ee is a significant fact that has been overlooked in practical organic synthesis and has 
remained as a significant conundrum in organic chemistry over the last 50 years. First, the 
conformational landscape of l-menthoxy aluminum dichloride identified the all equatorial 
chair as the lowest energy and used throughout the dissertation. Secondly, the physical 
origin of the formyl-hydrogen bond was determined to be a consequence of key crystal 
  v 
packing forces which we call the halogen pocket and electrostatic anchor. Third, the 
lessons learned from crystallography were applied to provide the necessary guidance to 
reveal key solvent interactions essential to understanding the underlying physical basis of 
the formyl hydrogen bond. The drastic difference in stereoselectivity between 
methacrolein and acrolein reported by Koga has an alternative explanation involving new, 
previously unconsidered nonbond interactions. Fourth in a direct comparison of the 
formyl, α, and the β hydrogen bonds, the Curtin-Hammett principle was applied to a series 
of comparisons to determine the selectivity of Koga’s reaction. Our computations are 
perfectly aligned with the %ee when using methacrolein as the dieneophile. The 
competition between the formyl and alpha hydrogen bond in the case of acrolein was 
found to yield an enantiomeric excess of 35.1% towards the experimental ee of 0%, which 
supports the idea that the alpha and formyl hydrogen bonds are in stereochemical 
competition. This dissertation has resolved a significant problem in asymmetric organic 
chemistry that has persisted over 50 years. The importance of the newly discovered alpha 
hydrogen bond in competition with the formyl hydrogen bond and the role of solvent in 
polarizing the Lewis acid adduct catalysis are two key contributions advancing the 
knowledge of asymmetric catalysis.  
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Chapter 1 
Introduction 
1.1 Motivation 
The use of chiral auxiliaries continues to evolve as a practical technique for the 
control of absolute stereochemistry in asymmetric reactions.1–5 Specifically, chiral 
auxiliaries based upon the cyclohexane framework, such as the readily available menthol, 
1.1, provide some of the first examples of stereochemical control.1,6 
 
Despite many developments,1,6 1.1 serves as one of the first examples of 
stereochemical control of the Diels-Alder reaction, as reported by Koga and coworkers in 
1979.7 The authors performed the cycloaddition of methacrolein on cyclopentadiene 
catalyzed by l-menthoxy aluminum dichloride, 1.2, to obtain cycloadduct 1.3 with 72% ee 
(Scheme 1.1). Interestingly, a molecular interpretation was not offered in the initial 
report. 
HO OH
H
H H
1.1
  2 
Scheme 1.1. Use of l-menthoxy aluminum dichloride, 1.2, in the catalytic asymmetric Diels-Alder reaction 
of cyclopentadiene with methacrolein. 
 
In a second report in 1987, Koga and coworkers confirmed the results (72% ee) for 
cycloadduct 1.3 and proposed a transition state interpretation where the isopropyl 
substituent of menthol moiety shields the back face of the coordinated methacrolein (see 
Structure 1.2 in Scheme 1.1, resulting in attack of cyclopentadiene from the front face to 
produce the observed (+)-1.3. 
In the following years, Koga’s work served as an inspiration for Lewis acid catalyst 
design in asymmetric synthesis. Focusing upon the methacrolein reaction, many research 
groups directed their efforts toward the development and improvement of chiral Lewis 
acid catalysts for asymmetric Diels-Alder reactions. In particular, a significant advance in 
the field was made by Corey and Rohde when they provided a theory of catalytic control 
known as the formyl hydrogen bond to explain the stereoselectivity observed by Koga in 
the Diels-Alder reaction of 2-methacrolein and 1,3-cyclopentadiene.8–10 It was proposed 
that the formyl hydrogen bond arises when 1.2 coordinates to the dienophile (2-
methacrolein) to create a pseudo five membered ring that restricts the free rotation of 
the coordinate covalent Al—O bond, as shown in Scheme 1.2. 
CHO
+
OCl2Al
H
H H
1.2 OHC
(+)-1.3
-78 º C
Toluene
  3 
Scheme 1.2. The formyl hydrogen bond by Corey and Rohde.8–10 
 
This pseudo ring thereby locks in the catalyst to orient and block one specific 
trajectory of 1,3-cyclopentadiene from completing the reaction, thus resulting in the 
major Diels-Alder adduct with 72% ee. Utilizing this framework, the stereoselectivity of a 
number of important organic reactions were rationalized using the formyl hydrogen 
bond.8,9,18–27,10,28–31,11–17 
It would appear that Koga’s original work could be successfully explained by the 
Corey and Rohde hypothesis of the formyl hydrogen bond. However, when considering 
Koga’s original data set, the reported stereoselectivity difference between 2-
methacrolein (72% ee) and acrolein (0% ee) presents an anomaly that cannot be 
explained by the formyl hydrogen bond. There should be little or no difference in the 
observed ee values between 2-methacrolein and acrolein reactions. After considerable 
reflection and deliberation, we concluded that the mechanistic understanding of the 
complex interaction between the Lewis acid and dienophile remained at best incomplete 
and at worst was possibly incorrect. This lack of a complete explanation of the data 
defined a crucial scientific deficiency at the cornerstone of designing Lewis acid catalysts 
for stereochemical control and is the focus of this Ph.D. dissertation. 
formyl hydrogen bond
(-)-menthol
O
Al
ClCl
O
H
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1.2 Research design 
The scientific problem outlined above will be investigated through a series of three 
projects that are described in Chapters 3 through 5. The first objective described in 
Chapter 3 is to establish the distribution and lowest energy conformation of 1.2 that will 
eventually participate in binding to the dienophile, since the observed stereoselectivity 
must derive from the enantiodifferentiated environment that it creates. We start in 
Chapter 3 by identifying an appropriate level of theory to describe the structures and 
relative energies through a systematic investigation of the well-studied cyclohexane ring-
flip32–35 and A-values of differently substituted cyclohexanes.36 Equipped with a trusted 
quantum mechanical approach, the structures and energies of the three possible chair-
to-chair ring interconversions of 1.1 and 1.2 are determined through a combination of 
geometry optimization and intrinsic reaction coordinate (IRC) calculations. While the 
project does not immediately address conformational issues and blocking assumptions 
made by Koga and coworkers with the dienophile bound (which are directly addressed in 
Chapter 5),37 two significant conclusions are sought that impact the assumptions 
concerning the enantiodifferentiated environment. First, our calculations will determine 
if the expected all-equatorial chair conformation of 1.1 and 1.2 are preferred and if 
interconversion to other low energy twist boat minima is prevented by the large energetic 
barrier presented by the half chair transition state. Second in the same spirit as described 
by Koga, our work serves to determine if the isopropyl group serves as a blocking face for 
the eventual binding of the dienophile (not the diene), which impacts the possible 
hydrogen bonding and nonbond interactions in complex formation. The details and 
  5 
relation to the stereochemical consequences of the Diels-Alder reaction are further 
examined and reported in Chapter 5. 
The second objective of the dissertation is described in Chapter 4 to clarify the 
stereoelectronic origin of the formyl hydrogen bond and apply the knowledge to Koga’s 
theory of stereochemical control. In our research design, we systematically apply 
different levels of theory ranging from semiempirical molecular orbital methods to 
modern density functionals to second-order Møller-Plesset theory with a range of Pople 
and Dunning basis sets to interrogate the structure and energy of the formyl hydrogen 
bond. Past experience with computations on many organic systems reveal a convergent 
behavior, where the structure and energy are predictable with increasing sophistication 
of the chemical method and increasing description of the basis set, as described by the 
Pople diagram.38 We apply the same strategy for the formyl hydrogen bond. While 
crystallographic structures result with the formyl hydrogen bond in the solid state, solid-
state Lewis acids are not used in practice. In our second effort, we extend our 
investigation beyond the gas phase to examine the DMF-BX3 (X = F, Cl, Br, and I) 
crystallographic structures by Corey and Rohde.8–10,39 Due to the circumstances, we had 
to determine the DMF-BF3 structure. We intend to discover crystal packing interactions 
to provide further insight on the connection between the formyl hydrogen bond and 
possible solvation effects to understand the enantiodifferentiated environment.  
The ultimate goal of the dissertation, as described in Chapter 5, is to translate our 
knowledge of 1.2 and the physical underpinnings of the formyl hydrogen bond in an 
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attempt to understand how Koga’s catalyst controls selectivity. The cornerstone of our 
efforts culminate in the conceptualization, development and validation of the novel 
“alpha hydrogen bond” and the “beta hydrogen bond” as a stereoselective control 
element to complete the explanation of the stereoselectivity of Koga’s Diels-Alder 
reaction (Scheme 1.3). 
Scheme 1.3. S-trans formyl hydrogen bond (top left) and s-cis formyl hydrogen bond (bottom left) causes 
1.2 to block the back face allowing for only front face attack while the alpha hydrogen bond (top right) 
and beta hydrogen bond (bottom right) blocks the front face allowing for only back face attack. 
  
  
Koga’s reactions of cyclopentadiene with 1.2 coordinated with either acrolein or 
2-methacrolein are investigated through ground state geometry optimization calculations 
and transition state geometry optimization calculations. Different geometric starting 
points are used to probe the impact of both the formyl and alpha hydrogen bonds. The 
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investigation of both the ground and transition states is required to consider the whole 
of Koga’s data set. As described previously, the scientific problem arose with the 
observation of the 72% vs. 0% ee for the 2-methacrolein and acrolein reactions with 
cyclopentadiene. The possibility that the alpha and beta hydrogen bonds in conjunction 
with the formyl hydrogen bond causes the orientation of the catalyst to block both faces 
of the dienophile (acrolein) to allow the diene (cyclopentadiene) to attack from the front 
face in the case of the formyl hydrogen bond and the back face in the case of the alpha 
hydrogen bond (Scheme 1.3) is hypothesized.  
1.3 Diels-Alder Reaction 
The Diels-Alder reaction is one of the most important and powerful 
transformation in the field of organic chemistry due to its potential to generate multiple 
chiral centers and different regio- and stereoselectivites (Scheme 1.4).40–49 The Diels-
Alder reaction continues to be developed50–52 and impacts synthesis in modern organic 
chemistry,53,54,63,64,55–62 new materials,65–71 biological chemistry,72–74 and green 
chemistry.54,75 
Scheme 1.4. Generalized Diels-Alder reaction. 
 
In the Diels-Alder reaction, a [4+2] cycloaddition occurs between a conjugated 
diene and a dienophile that can be an alkene or alkyne. This reaction is a cycloaddition 
reaction that involves the 4 p-electrons of the diene and the 2 p-electrons of the 
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dienophile. The product of the Diels-Alder reaction contains two new s-bond and a new 
p-bond. This reaction was first described by Otto Diels and Kurt Alder in 1928 who were 
rewarded the Nobel Prize in Chemistry in 1950.76–82 
 
1.4 Diels-Alder reaction mechanism 
Pericyclic reaction mechanisms have been subject to debate83 ever since  
Woodward and Hoffman presented their eloquent rules on the conservation of orbital 
symmetry.84 There are two distinct reaction mechanisms for the Diels-Alder reaction that 
have been debated, see (Figure 1.3).  
 
Figure 1.3. Energy versus reaction coordinate diagrams for concerted and stepwise mechanisms of the 
Diels-Alder reaction recreated from Houk.83 
The reaction can take place in a concerted fashion through the partial formation 
of the two new bonds in a single transition state. In the concerted mechanism, if both 
bonds form in equal measure, it is a synchronous concerted reaction. Otherwise, it is an 
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asynchronous concerted reaction.83 The other mechanism is a stepwise process that 
involves the formation of a single bond between the diene and dienophile followed by 
the formation of the second bond to give the cycloadduct. In this mechanism, either state 
may be rate determining and as a result the intermediate may be a diradical or 
zwitterionic in character.83 
The origins of this debate began in 1935 when the first transition state model for 
the Diels-Alder reaction was proposed by Wasserman,85 who postulated a concerted 
transition state (TS) with a C—C bond length distances of 2.0 Å. Littman and Kistiakowsky 
proposed the diradical intermediate in the Diels-Alder reaction.86 This started a scientific 
debate between Wasserman and Littman and Kistiakowsky, when Wasserman proposed 
that small Arrhenius A factors can be explained by a concerted mechanism.87 The diradical 
mechanism was used to explain regioselectivity of certain products.88–90 
R. B. Woodward who won the Nobel Prize for natural product synthesis in 1965, 
and Thomas Katz investigated the mechanism based on the Cope rearrangement (Scheme 
1.5).91 Woodward and Katz discovered that the reaction mechanism proceeds through a 
separate two-stage overlapping process that is consistent with an asynchronous 
concerted process.92 
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Scheme 1.5. Diels-Alder TS proposed by Woodward and Katz can be described through a Cope 
rearrangement.92 
 
In response to the work by Woodward and Katz, Dewar objected to this 
mechanism based on the relative rates of the reaction of isoprene with maleic anhydride 
(4300) and acrolein (61), and butadiene with ethylene (1). These rates suggested to Dewar 
that the one-step pseudo-aromatic transition state mechanism.93,94 
The mechanism debate continued with the Huisgen-Firestone debates.95–98 A 1,3-
dipole, as defined by Huisgen,99 is a molecule which can be represented by zwitterionic 
octet Lewis structure and combines in a 1,3-addition with a multiple bond (Scheme 1.6). 
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Scheme 1.6. Addition of 1,3-dipole azide as defined by Huisgen to an alkene. 
 
Cycloadditions of 1,3-dipoles may occur by either a concerted or stepwise 
mechanism. Huisgen developed a detailed rationale for the concerted mechanism. 
Firestone presented challenges to Huisgen’s mechanism. 
Huisgen’s model is based on kinetic measurements, stereochemical results, and 
solvent and substituent effects.100 Using molecular orbital (MO) theory, Huisgen95,97 
proposed a TS model of the 1,3-dipolar reactions, in which the 4 π electron system 
present in all 1,3-dipoles interacts with all the π-bonds of the dipolarphile (Chart 1.3a). 
 
Chart 1.3. Mechanism of the Diels-Alder reaction proposed by a. Huisgen and b. Firestone. 
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Firestone counter proposed a mechanism98,101,102 that involves a singlet diradical 
intermediate (Chart 1.3b). This mechanism was based on a series of experimental facts 
including, the observed small solvent effects, by-products obtained, and considerations 
of factors controlling regioselectivity. Firestone’s mechanism cannot explain all 
experimental observations including stereopecificity.103 Firestone proposed that the 
activation energy for single-bond rotation is greater than that for either formation of the 
second bond or reversion to reactants. Houk contributed to the debate by suggesting a 
concerted mechanism based on experimental evidence, effectively ending the debate.96 
 
1.5 Frontier molecular orbital theory 
Frontier molecular orbital (FMO) theory is the application of molecular orbitals 
(MO) to describe the effects of the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) on reaction mechanism. Based on the work 
of Fukui, who shared the Nobel Prize in Chemistry in 1952 with Roald Hoffman, FMO 
theory can be applied to organic reactions to understand the conclusions from the 
Woodward-Hoffmann rules.104,105 
Fukui realized that a good approximation for the reactivity of a system could be 
achieved through investigation of the frontier orbitals (HOMO/LUMO) based on three 
rules. First, the occupied orbitals of different molecules repel each other. Second, positive 
charges of one molecule attract the negative charges of the other. Finally, the occupied 
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orbitals of one molecule and the unoccupied orbitals of the other (especially the HOMO 
and LUMO) interact causing attraction.104 
When applied to the Diels-Alder reaction, FMO theory is a simple, yet powerful 
tool that allows for prediction of organic reaction rates and stereoselectivities. A basic 
tenant of FMO theory is that the reaction rate depends upon the energy difference 
between the HOMO and LUMO.106 
Depending upon which reaction partner is the HOMO or LUMO the Diels-Alder 
reaction is classified as either a normal electron demand or an inverse electron demand 
(Figure 1.4).36 
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Figure 1.4. Normal versus inverse demand Diels-Alder reaction FMO diagram. 
In the normal electron demand Diels-Alder reaction, the electron-rich Y2 of the 
diene is the highest occupied molecular orbital (HOMO), while the electron-deficient p* 
from the dienophile is the lowest occupied molecular orbital (LUMO) (Figure 1.4a). 
However, in specific situations, the roles of the diene and dienophile can be reversed to 
yield an inverse demand Diels-Alder reaction (Figure 1.4b) with a HOMO-LUMO gap 
similar in energy to the normal electron demand Diels-Alder.36 
 The rate of the Diels-Alder reaction can be manipulated through the addition of 
electron donating groups (EDGs) or electron withdrawing groups (EWGs) by controlling 
the HOMO-LUMO energy difference. For example, in normal electron demand Diels-Alder 
  15 
reactions, addition of an EWG to Y2 of the dienophile to make it more electron deficient, 
lowering its energy and decreasing the HOMO-LUMO energy differences. The 
consequence is better orbital overlap with an increased reaction rate. FMO theory is 
governed by the HOMO-LUMO energy difference and any substitution to the diene or 
dienophile is examined on its influence. For both normal and inverse demand Diels-Alder 
reactions, the HOMO and LUMO of the components are in phase, or Woodward-Hoffman 
allowed reactions,105 such that bonding occurs to result in two new s bonds.36 
 For example, the orbital interactions in the Diels-Alder reaction can be visualized 
as an orbital energy diagram. The energy of the HOMO can be estimated from the vertical 
ionization energy.107 The LUMO energy corresponds to the electron affinity. Photo-
electron ionization experiments reveal that ionization energies of 1,3-butadiene and 
ethene are 209.16 and 242.37 kcal/mol, respectively.108 Electron transmission 
spectroscopy reveal that electron affinities of 1,3-butadiene and ethene are 14.30 and 
41.05 kcal/mol, respectively (Figure 1.5).109,110 The HOMO energies can also be obtained 
from quantum calculations at B3LYP/6-31+G*, which indicate 198.30 and 239.83 kcal/mol 
for 1,3-butadiene and ethene, respectively. In quantum calculations, LUMO energies are 
difficult to obtain.111 
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Figure 1.5. Orbital energy diagram of 1,3-butadiene and ethene. 
1.6 Diels-Alder stereoselectivity 
 Diels-Alder reactions, as concerted cycloadditions, are stereospecific. E- and Z- 
dienophiles, for example, give rise to adducts with corresponding anti- and syn-
stereochemistry (Chart 1.4).112,113 
 
 
Chart 1.4. Diels-Alder reaction of a) 1,3-cyclopentadiene and dimethylmaleate and b) (2E,4E)-hexa-2,4-
diene and furan-2,5-dione illustrating stereoselectivity112,113 
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As a result, dienophiles that are not symmetric about the two double bonds have 
two possible transition states labeled endo and exo. These transition states each lead to 
Diels-Alder adducts with different stereochemistry. In the endo transition state, the 
substituent of the dienophile is oriented toward the p system of the diene (Figure 1.6a), 
while in the exo transitions state, it is oriented away from it (Figure 1.6b).36 
 
Figure 1.6. (a) Endo versus (b) exo Diels-Alder transition state. 
 Initially, Alder created the rule of “maximum accumulation of unsaturation” to 
explain the stereospecificity and endo selectivity of Diels-Alder reactions.114 Woodward 
and Hoffmann,115 Houk,116 Salem,117 Alston,118 and Singleton119,120 proposed specific 
secondary orbital interactions in an effort to explain the endo selectivity of cycloadditions. 
These interpretations and interpretations based on secondary orbital interactions are 
known to be controversial.121,122 Therefore, other theories based on inductive,85,123,124 
dipole-dipole,125 charge-transfer,90 electrostatic,126 and steric interactions have been 
investigated. 
 
1.7 Koga’s Diels-Alder reaction 
Due to its power and potential, much work has been done on the discovery and 
development of enantioselective Diels-Alder reactions including creation of highly 
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efficient chiral Lewis acid catalysts.45,127–132 The first chiral Lewis acid catalyzed 
asymmetric Diels-Alder reaction was reported in 1976, where a 3.3% enantiomeric excess 
of the (S)-endo product of the Diels-Alder reaction between methylacrylate and 
cyclopentadiene catalyzed by l-menthyl ethyl ether•BF3 was observed.133 However, 3.3% 
ee is not practical for industrial and pharmaceutical use (Scheme 1.7). 
Scheme 1.7. Reaction of methylacrylate and cyclopentadiene catalyzed by l-menthyl ethyl ether•BF3.133 
 
However, it was not until 1979 that the first practical application of chiral Lewis 
acid catalyzed asymmetric Diels-Alder reaction was achieved by Koga.7 With 15 mole 
percent of 1.2, the reaction between 2-methacrolein and cyclopentadiene provided a 69% 
yield and 72% ee with a 98:2 exo:endo ratio. In the same study, the reaction between 
acrolein and cyclopentadiene provided a 40% yield and ca. 0 % ee (endo:exo ratio not 
reported). Additionally, Koga reported a series of Diels-Alder reactions varying the 
dienophile and catalyst used while keeping the diene, 1,3-cyclopentadiene, the same in 
each reaction. In addition to acrolein and 2-methacrolein, Koga utilized methyl acrylate 
as the dienophile. Furthermore, 1.2 was investigated beside d-menthoxy aluminum 
dichloride and a bridged catalyst, 1.6. The highest yield and stereoselectivity are those 
reported for the reactions of acrolein and 2-methacrolein using 1.2. In their short 
communication, only the yield, percent enantiomeric excess and endo:exo ratios were 
reported while the interpretation of the stereoselectivity was not provided. 
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1.8 Chiral Lewis acid catalyzed Diels-Alder reactions 
 Based on Koga’s work, specifically on the more selective methacrolein reaction, 
many research groups directed their efforts on the development and improvement of 
chiral Lewis acid catalysts for asymmetric Diels-Alder reactions.24,37,134–140 The best 
catalysts developed between 1979 and 1991 are depicted in Chart 1.5.6,137,140 
Development of new chiral Lewis acid catalysts focused on boron and aluminum 
compounds.39 The development of these catalysts takes advantage of steric blocking 
groups, C2-symmetry, and π-π interactions to control the stereoselectivies. 
 For example, Corey, Hawkins, and Yamamoto, developed boron-based catalysts 
that have been shown to improve selectivity over the uncatalyzed Diels-Alder 
reaction.137,140,141 Different ligands were added to the boron core (i.e. n-Bu, -O, and N)39 
to control the stereoselectivities (Chart 1.5). 
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Chart 1.5. Examples of chiral Lewis acid Diels-Alder catalysts.6,137,140 
 Using these catalysts, several Diels-Alder adducts are obtained in good to excellent 
enantioselectivity and yields.6,137,140 The highest yields and enantioselectivities can be 
seen generally with α-substituted dienophiles, such as 2-methylacrolein and 2-
bromoacrolein (Chart 1.6). The research in the field for the past forty years has greatly 
enhanced the exceptional power and practicality of the Diels-Alder reaction catalyzed by 
chiral Lewis acids.6,17,47,140,142–146 
Application and extension of the knowledge gained has led to more complex Diels-
Alder cycloadducts via synthesis using chiral Lewis acid catalysts.49,135,147,148 However, the 
mechanistic understanding of the complex interaction between the Lewis acid and 
dienophile is not well understood, possibly misunderstood. 
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Chart 1.6. Diels-Alder adducts obtained from a series of reactions that use catalysts from Chart 1.3 [yield, 
enantiomeric excess, exo/endo or regioselectivity, (catalyst defined from Chart 1.5)].6,137,140 
 
1.9 The hydrogen bond 
 Linus Pauling credits T. S. Moore and T. F. Winmill with the first mention of the 
hydrogen bond in 1912 in his book The Nature of the Chemical Bond.149,150 Moore and 
Winmill used the hydrogen bond to account for the fact that trimethylammonium 
hydroxide is a weaker base than tetramethylammonium hydroxide.150 
The more well-known description of the hydrogen bond was introduced by 
Latimer and Rodebush in 1920.151 In the classic hydrogen bond (Figure 1.7), an 
electrostatic attraction occurs between a partially positive hydrogen (H) and a more 
electronegative atom, such as nitrogen or oxygen.152 The hydrogen bond can occur 
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between molecules (intermolecular) or within different parts of a single molecule 
(intramolecular). 
 
Figure 1.7. Water Dimer. 
 The hydrogen bond is often described as an electrostatic dipole-dipole 
interaction.152 However, it also has some features of covalent bonding. As a result, it is 
directional and strong and produces interatomic distances shorter than the sum of the 
van der Waals radii, and usually involves a limited amount of interaction partners, i.e. the 
interaction is not shared between many Hs and Os, which indicates a stronger bond.153,154 
Therefore, the hydrogen bond strength can vary from weak (< 1 kcal/mol) to strong (~40 
kcal/mol).155 The strength is usually quoted to be 5 kcal/mol.154 The typical length of the 
hydrogen bond is 1.1 to 2.5 Å found both experimentally156 and computationally.157 
 In 2011, an IUPAC task group recommended a modern evidence-based definition 
of hydrogen bonding, which was published in the IUPAC journal Pure and Applied 
Chemistry.152 The definition specifies that the hydrogen bond is an attractive interaction 
between a hydrogen atom from a molecule (or fragment) X-H in which X is more 
electronegative than H and an atom or group of atoms in the same or different molecule, 
in which there is evidence of bond formation.158 
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Throughout this dissertation, a comparison is made between the hydrogen bond 
described above and the formyl and alpha hydrogen bonds, as shown below in Error! 
Reference source not found.. 
Figure 1.6. Comparison between the classic, formyl, alpha and beta hydrogen bonding schemes. 
 Just as in the classic hydrogen bond, the formyl and alpha hydrogen bonds arise 
from attractive interactions between the hydrogen and an atom that is more 
electronegative. In the formyl hydrogen bond, the partially positive formyl hydrogen is 
attracted to the partially negative fluorine. In the alpha hydrogen bond with a similar pKa 
as the formyl group, should carry a similar partial positive charge. 
1.10 The formyl, alpha, and beta hydrogen bonds 
Corey and Rohde provide a theory of catalytic control known as the formyl 
hydrogen bond to explain the stereoselectivity observed by Koga in the reaction of 2-
methacrolein and 1,3-cyclopentadiene.7,10 They found that for the smallest halogen there 
is an eclipsing of the F and formyl hydrogen in the classic and quantum crystal structures 
of DMF•BX3, X = F, Cl, Br, and I (Figure 1.8).10 
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Figure 1.8. X-ray crystal structures of DMF•BX3, X=F, Cl, Br, and I (percent error, C1=O-B—X dihedral 
angle in degrees) 
It is proposed that the formyl hydrogen bond arises when 1.2 coordinates to 2-
methacrolein and 1,3-cyclopentadiene creates a pseudo five membered ring that restricts 
the free rotation of the coordinate covalent B—O bond. This pseudo ring thereby causes 
the bulk of the catalyst to orient and block one specific trajectory of 1,3-cyclopentadiene 
from completing the reaction, thus resulting in the major Diels-Alder adduct with the 72% 
ee (Scheme 1.2). 
The application of the formyl hydrogen bond to the 2-methacrolein and 1,3-
cyclopentadiene explains the reported stereoselectivity. However, it gives rise to a 
conundrum when applied to observed stereoselectivity from the acrolein and 1,3-
cyclopentadiene Diels-Alder reaction. If the formyl hydrogen bond is the sole element 
responsible for the stereoselectivity observed, then there would be similar 
4.7%, 6.5º 3.2%, 37.5º 
4.8%, 36.8º 4.8%, 57.5º 
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stereoselectivity observed in the acrolein reaction, instead, it yields a racemic mixture 
(0% ee). 
While teaching carbonyl chemistry in organic chemistry and after deep reflection, 
more Lewis acid binding sites in dienophiles were considered. Specifically, simple 
investigation into the sophomore organic use the alpha proton revealed a pKa of ~13-24.36 
When compared to the pKa of the formyl proton at 17, it is clear that the alpha hydrogen 
bond can be as acidic as the formyl proton. The comparable acidity between the formyl 
and alpha proton pKa values and build-up of partial positive charge indicates that the 
alpha hydrogen can also participate in nontraditional hydrogen bonding. 
Furthermore, consideration of the s-cis conformation of acrolein reveals the 
availability of complexation with 1.2 to form the β-hydrogen bond with the vinylic 
hydrogen. This serves as an additional model in Koga’s reaction. The pKa of the b-
hydrogen is 45-50.36 While this is less acidic than the formyl and a hydrogen, it is acidic 
enough to suggest an additional nontraditional hydrogen bond. 
The hypothesis of this dissertation is that the novel alpha and beta hydrogen 
bonds in conjunction with the formyl hydrogen bond creates two blocking faces that allow 
for the formation of two different enantioselective products in Koga’s Diels-Alder reaction 
between acrolein and 1,3-cyclopentadiene to result in the observed 0% ee. The formyl 
hydrogen bond orients the bulky menthoxy group to block the front face of the acrolein 
dienophile, while the alpha and beta hydrogen bonds orients the bulky menthoxy group 
to block the opposite face of the dienophile through binding of the catalyst on the other 
side of the molecule, as seen in Scheme 1.8. Meanwhile, 2-methacrolein does not contain 
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an alpha hydrogen and therefore, can only participate in the formyl and beta hydrogen 
bonding, as seen in Scheme 1.2. The competition between the formyl and beta hydrogen 
bond will reveal a preference that results in primarily the front face of the dienophile 
being blocked, and therefore explain the 72% ee observed by Koga. 
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Scheme 1.8. Proposed formyl, alpha, and beta hydrogen bond in Koga’s Diels-Alder reaction. 
 
 
 
 
1.11 Summary of dissertation 
Koga’s asymmetric Diels-Alder stereochemical results, originally explained by the 
Corey and Rohde hypothesis of the formyl hydrogen bond, has been addressed in this 
dissertation. A novel explanation of Koga’s data rooted in the principles of organic 
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chemistry has been developed and supported by large-scale quantum mechanical 
computations. Specifically, the reported stereoselectivity difference between 2-
methacrolein (72% ee) and acrolein (0% ee) presented an anomaly that could not be 
explained by the formyl hydrogen bond alone. To address the scientific problem, a 
research agenda was implemented in a series of three projects that are described fully in 
Chapters 3 through 5. 
In the first effort, we start by addressing two unresolved issues involving the 
model cyclohexane ring-flip. We first verify that the cyclohexane ring interconversion 
occurs through a four coplanar half-chair rate limiting transition structure. Second, we 
confirm that the cyclohexane ring-flip proceeds directly from half-chair to twist-boat, 
then passes through the boat conformation before proceeding back through the twist-
boat conformation. Our computations, as compared to experiment for the cyclohexane 
ring-flip and A-values, which was the original intent of our first effort, verify that Truhlar’s 
M06-2x functional with the Dunning jul-cc-pvdz correlation consistent basis set is 
appropriate to address the objectives of the dissertation. 
While this project does not immediately address conformational and blocking 
assumptions made by Koga and coworkers with the dienophile bound, two significant 
conclusions are derived that impact the assumptions concerning the 
enantiodifferentiated environment. First, our calculations show that the expected all-
equatorial chair conformation of 1.1 and 1.2 is preferred and that the interconversion to 
other low energy twist boat minima is prevented by the large energetic barrier presented 
by the half chair transition state of more than 10 kcal/mol. Second in the same spirit 
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described by Koga, the isopropyl group serves as a blocking face for the eventual binding 
of the dienophile (not the diene trajectory at this stage), which impacts the hydrogen 
bonding and non-bond interactions in complex formation. Our first effort was successful 
in defining the structural and energetic behavior of 1.2 so that a reference point was 
established to address the details and relation to the stereochemical consequences of the 
Diels-Alder reaction of interest in this dissertation. 
In the second phase of our research design, we find that there are significant 
inconsistencies in the computational description of the formyl hydrogen bond between 
the levels of theory in the gas phase. The computations show that lower levels of theory 
exaggerate charge separation to enforce the idea of the formyl hydrogen bond, while 
higher level quantum computations converge to an insignificant stabilization of the formyl 
hydrogen bond in the gas phase. This result suggests lack of clarity in the currently 
accepted understanding of the formyl hydrogen bond. As a consequence, we returned to 
the original crystallographic data and reviewed any assumptions made. 
While crystallographic evidence shows the formyl hydrogen bond in the solid 
state, it does not provide an explanation of the structure. Therefore, there exists an 
opportunity to learn from the knowledge gleaned from crystal packing forces to better 
understand the relationship between the formyl hydrogen bond and reported 
stereoselectivity. Careful evaluation of Corey’s DMF•BF3 crystal structure39 provided key 
crystal packing interactions that explained the eclipsing of the halogen and formyl group. 
We named the key nonbond interactions as the steric pinch and the electronic anchor. In 
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the steric pinch interaction, the bulky methyl groups of two nearby DMF•BF3 complexes 
form a cavity that prevents the rotation and locks in the BF3 group into the eclipsed 
conformation. The distances are 2.74 and 2.66 Å, which essentially match the van der 
Waals distances of 2.67 Å for H-F covalent bond to provide a tight steric fit.159 The 
electronic anchor of 2.52 Å arises when the active fluorine participates in both an internal 
formyl hydrogen bond and an external formyl hydrogen bond with one nearby DMF•BF3 
complexes. While evidence of crystal packing forces explains the origin of the formyl 
hydrogen bond in the solid state, solid-state Lewis acids are not used in practice. 
Consequently, we extended our investigation beyond the gas phase to examine 
the connection between the formyl hydrogen bond and solvation effects to understand 
the enantiodifferentiated environment. The novel crystal packing forces we name as the 
steric pinch and electronic anchor are elucidated through careful examination of the 
DMF•BF3 crystal structure and the systematic investigation of the dimer and trimer 
DMF•BF3 models that systematically remove layers of the crystal to approach the gas 
phase. The dimer and trimer model reveals that crystal packing forces on one face of the 
dienophile are not sufficient to form the formyl hydrogen bond and therefore, there are 
key interactions through the steric pinch on both sides of the dienophile. This can be 
applied to Koga’s 1.2 catalyst to explain the stereoselectivity observed in his 1979 paper.  
Next, we extended our knowledge of crystal packing forces and the formyl 
hydrogen bond to understand how Koga’s catalyst that contains the menthoxy Lewis acid 
binding site controls selectivity. While BF3 is utilized as a Lewis acid it does not contain 
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the same alkoxysubstituents as 1.2. Therefore, we modified our work to model the 
substituents of Koga’s catalyst, specifically, the investigation of alternative Lewis acids 
that contain methoxy as a model. For the menthoxy substituent we show the same charge 
separation that leads to the formyl hydrogen bond can be achieved through the use of 
crystal packing forces. This phenomenon was examined through the investigation of the 
DMF•BF2OMe system that forms the formyl hydrogen bond without the assistance of 
solvent. Due to the menthoxy group that forms the core of Koga’s catalyst, the formyl 
hydrogen bond can be used to partially explain the stereoselectivities in Koga’s work. 
Despite achieving a clear understanding of the physical origin of the formyl 
hydrogen bond, we were no closer to unraveling the mystery presented by the drastic 
difference in stereoselectivity between methacrolein and acrolein reported by Koga. 
However, a breakthrough was made when considering the reactivity and special 
properties of the alpha and beta hydrogens in Claisen, enamine, and Michael reactions. 
This information provided the foundation for the novel proposal, an addition 
nontraditional non-hydrogen bonding interaction named the alpha and beta hydrogen 
bond that we independently discovered, introduced, and investigated in this dissertation. 
Specifically, consideration of the pKa value of the alpha and beta hydrogens led to the 
idea of the novel nontraditional hydrogen bonding interaction that could compete with 
the formyl hydrogen bond. 
 Finally, the alpha and beta hydrogen bond is applied in conjunction with the 
formyl hydrogen bond to explain the stereoselectivity of Koga’s Diels-Alder reactions of 
acrolein and methacrolein through unique transition structure analysis of Koga’s reaction 
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energy landscape. Ground state structures gives insight into how catalyst binding to the 
dienophile affects the potential trajectory of 1,3-cyclopentadiene and gives insight into 
the ground state control of Koga’s reaction. Transition state calculations give insight to 
the preference trajectories that give rise to stereoselectivity where competition between 
the formyl and alpha hydrogen bonds is shown through a 0.4 kcal/mol difference in 
activation enthalpy. This low difference in activation enthalpy indicates a 1:0.5 product 
ratio that corresponds to a 33% ee which is specific for the acrolein reaction with 1,3-
cyclopentadiene. 
The results provided by this Ph. D. dissertation develop a novel mode of catalysis, 
where the all-atom explicit treatment of the reaction is revealed through consideration 
of novel catalytic organizing elements that include, the steric pinch, the electronic anchor, 
and the a-hydrogen bond. The role of nontraditional hydrogen bonding in stereocontrol 
of the Diels-Alder reaction is shown for the first-time in describing Koga’s data. The allows 
for the development of novel compounds specific designed to utilize nontraditional 
hydrogen bonding to control stereoselectivity and provides, for the first time, a universal 
rational theory of stereoselective control in organic chemistry. The realization of these 
results began with the work of the E. J. Corey group who predicted and established the 
foundation for the universal theory described in this work. 
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Chapter 2 
Electronic structure modeling 
2.1 Experiment, theory, and computational synergy 
 The evolution of computation chemistry has evolved alongside common 
spectroscopy techniques due to the increasing need to understand structures and 
properties of compounds and for elucidating mechanisms of chemical reactions.1 
Computation chemistry is well suited for the investigation of organic mechanisms. It 
provides detailed potential energy surfaces, geometric and electronic properties of 
reactants, products, intermediates, and transition-state structure, thereby enabling 
comparison with various experimental observations such as kinetics, reaction 
intermediates, isotope effects, and stereochemistry.2 
 Recent decades have seen increasing collaboration and communication between 
experimental and computational organic chemists. The synergistic interplay between 
these two fields of study have been helpful in determining the structures and 
understanding reaction mechanisms.3 Predication prior to experiment is an ultimate goal 
for computation organic chemistry. The classic example is the discussion of carbene 
chemistry from the 1970s which demonstrates the ability of calculations to predict and 
correct misinterpretations of experiments.4,5 A recent example of structure prediction 
that was confirmed by subsequent experiment is from the Borden group. 
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 The power of computational organic chemistry in catalytic reaction mechanism 
studies is apparent in its ability to sample many different reactions paths. The information 
elucidated from experimental techniques is critical in provide reasonable models to be 
studied. Thus, hand in hand, catalytic organic chemistry is advanced through common 
cause. 
 Koga’s work served as an inspiration for Lewis acid catalyst design in asymmetric 
synthesis. Focusing upon the methacrolein reaction, many research groups directed their 
efforts toward the development and improvement of chiral Lewis acid catalysts for 
asymmetric Diels-Alder reactions. In particular, a significant advance in the field was made 
by Corey and Rohde when they provided a theory of catalytic control known as the formyl 
hydrogen bond to explain the stereoselectivity observed by Koga in the Diels-Alder 
reaction of 2-methacrolein and 1,3-cyclopentadiene.6–8 This dissertation builds upon the 
work of the Corey group through close experimental collaboration to probe the reaction 
mechanism of Koga’s Diels-Alder reaction. Herein, we propose two new nontraditional 
hydrogen bonds the alpha and beta hydrogen bonds that are difficult if not impossible to 
detect experimentally. The hope of this work is that the complete unified theory of 
nontraditional hydrogen bonding will inform experimentalists to design catalytic systems 
that improve enantioselectivity. 
 
2.2 Computational strategies 
 There are many different computation techniques that chemists employ for the 
predictive capabilities. Computational tools can help in the interpretation of ambiguous 
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or conflicting results, optimization of design or the progress of experimental reactions, 
and in the prediction of properties difficult or dangerous to obtain via experimentation. 
However, computational models are approximations and therefore need careful 
interpretation. 
 One class of approximations is molecular mechanics (MM) which is defined by the 
classical treatment of molecules.9 In MM, nuclei and electrons are treated as unified 
atom-like particles. Atom-like particles are spherical balls, bonds are treated as harmonic 
springs, interactions are treated as potential functions derived from classical mechanics. 
MM depends on force fields and parameters sets. The primary functionality of MM is for 
simulation of biochemistry and ionic liquids. Molecular mechanics is not treated further 
in this dissertation. 
 Quantum mechanics (QM) depends on quantum chemistry defined by 
approximations of the Hamiltonian and wave functions defined by Schrödinger’s 
equation. The Hamiltonian can be approximated through the method. Commonly used 
methods include Hartree-Fock theory,10–12 Møller-Plesset perturbation theory,13 
semiempirical methods14,15 and density functional theory.16 
 In Hartree-Fock theory the limit of results is the upper bound of the true energy 
of the system. It provides acceptable results for minimum energy structure and it has 
reasonable bond length, bond angle, and dihedral angle errors. However, bond 
interactions ten to be overestimated, there is a failure to account for electron correlation, 
and unoccupied orbitals are not optimized. Further discussion of Hartree Fock theory will 
be considered in section 2.5.11 
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 Møller-Plesset perturbation theory adds corrections for explicit electron-electron 
repulsion to HF. It provides improved accuracy over HF. However, it is time-consuming 
and therefore primarily used for small systems and variation theory may not apply.13 
Further discussion of Møller-Plesset perturbation theory will be discussed in section 2.6. 
 Semiempirical methods are Hartree-Fock techniques modified with empirical 
parameters. They are typically faster than ab initio calculations. They are accurate within 
their limited parameter set. The semiempirical approximations eliminates core electrons 
from calculations, uses a minimum number of basis sets and reduces the number of two 
electron integrals.14,15 Semiempirical methods are useful in geometry optimization, heats 
of formation, and charge distribution. Semiempirical methods are generally inaccurate in 
broad applications. Semiempirical methods will be discussed in section 2.8. 
 In density functional theory, the energy for a system can be solved from the 
electron density. Density functional theory computational time is in general similar to 
Hartree Fock but similar in accuracy to Møller-Plesset theory. Some common functionals 
include B3LYP, M062X, and MN15. Density functional theory will be discussed in section 
2.7. 
 
2.3 Schrödinger equation 
The time-independent solution to the Schrödinger equation for a molecule is given 
by the following equation. 
 "Ψ = EΨ (1) 
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In equation (1), Y represents the wavefunction and H is the Hamiltonian operator, which 
is given by 
 
 " = −ℎ(8*+( ∇( + . (2)
 
where h is Plank’s constant, m is the mass of the particle, Ñ2 is the Laplacian operator and 
V is the potential energy. The Hamiltonian constitutes kinetic and potential energy terms 
of nuclei and electrons in a molecular system. The kinetic energy is given by the sum of 
the Laplacian over all particles (Eq. (3)). The potential energy component is the Columbic 
force between each pair of charged particles given in Eq. (3). 
/0 = −ℎ(8+( 1 1*3 4 5(563( + 5(573( + 5(583(93  (3)
. = 14+;< =−114>?@(∆BC? 9 +114 @(∆BCD9DECD?C +114>?>F@(∆G?F 9FE?C H (4)
 In Eq. (4), DriI is the distance between electron and nucleus, Drij is the distance 
between two electrons, and DRIJ is the distance between two nuclei. Ze represents the 
charge on the nucleus and the e represents the charge of the electron. The first term in 
Eq. (4) represents the nuclei-electron attraction, the second term the electron-electron 
repulsion, and the third term the nuclear-nuclear repulsion. 
 The Born-Oppenheimer approximation allows for the simplification of the 
Schrödinger equation through the separation of nuclear and electron terms.17 The proton is 
approximately 1836 times heavier than the electron and as a result, the Born-Oppenheimer 
approximation assumes that the motion of the electrons and the motion of the nuclei do not 
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influence each other. In other words, the electrons interact with the nuclei as if the nuclei 
were stationary. As a result, the total wave function becomes a product of the wave 
functions from nuclei and electrons as seen in Eq. (5). Furthermore, the second term in Eq. 
(2) is eliminated in the implementation of the Born-Oppenheimer approximation to yield 
HElectronic. The final Schrödinger equation obtained with the application of the Born-
Oppenheimer approximation is given in Eq. 
(6).  
The new electronic wave function depends only on the position of the electrons as 
is independent of the nuclei entirely. Therefore, total energy of the system is the sum of the 
electronic and nuclear energies. 
ΨIJKLM = ΨNOPMQLRΨQMQPKRJNCP (5) "QMQPKRJNCPΨQMQPKRJNCP = 0QMQPKRJNCPΨQMQPKRJNCP 
 
(6)
 In the case of the hydrogen atom having a single electron and proton, the form of 
the electronic Hamiltonian is given in Eq. (7). Thus, the Schrödinger time-independent 
equation can be solved exactly for one-electron systems such as the hydrogen atom. 
Considering systems with many electrons, such that electron-electron repulsion exists, 
the time-independent Schrödinger equation cannot be solved exactly.18,19 However, 
appropriate approximations coupled with ever increasing computational resources can 
generate results that are in excellent agreement with experimental results. 
 " = −12∇( − >B  (7)
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2.4 Variational theorem 
 The term ab initio is derived from the Latin root “from the beginning”. The term 
ab initio method refers to computations that are derived directly from theoretical 
principles with no inclusion of experimental data. Ab initio methods employ mathematical 
approximations to simplify the quantum mechanical calculations. It is imperative to 
describe the variational theorem before ab initio methods are described.20 The variational 
theorem states that the eigenvalue or energy generated from solving the Schrödinger 
equation using a tail function is always greater than the energy of the true wave 
function.20 
 〈0〉 = ∫Ψ∗"ΨXY∫Ψ∗ΨXY ≥ 0< (8)
 
The variational theorem can be represented by Eq. (8) that states that the 
expectation value or average energy 〈0〉 is deduced by performing the integral over all 
space dt and will always be greater than the true energy of the ground state wavefunction 
E0. Since the true wave function is not known for cases above one electron, a trial 
wavefunction is selected for systems of interest. The energy calculated from the selected 
trial wavefunction is always greater than the true wave function, by the variational 
theorem. Consequently, the lowest energy corresponds to a more accurate wave function 
and thus approaches the true wave function. The closer the trial wave function is to the 
true wave function, the closer 〈0〉 is to E0. The variational theorem can thus gauge the 
accuracy of the trial wave function. 
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2.5 Hartree-Fock theory 
Hartree-Fock (HF) theory is one of the most common approximations utilized for 
determining the ground-state wavefunction and energies of a many-electron system.10–
12 HF theory was developed through an inclusion of the indistinguishability of electrons 
simultaneously and independently noticed by Fock21 and Slater22 in 1930.  
The most important mathematical consequence of the indistinguishability among 
a set of N quantum objects of the same type tis the requirement that the total N-particle 
wave function must either remain unchanged (symmetric) or change sign (antisymmetric) 
when any pair of coordinates, xi, and xj are exchanged. For the case of electrons which are 
fermions, the total wave function must be antisymmetric. This requirement is met by 
forming linear combinations of all the possible Hartree products that are obtained from 
equation 9.
 Φ(]^,⋯ , ]`) =bcC(]C)`Cd^   (9)
 The order of the orbital labels is changed while keeping the coordinate labels, and 
assigning to each term the sign of the permutation p need to go from the natural order, 
1,…,N to the corresponding order p(1),…,p(N). The sign of the permutation p is 1 if p can 
be written as a composition of an even number of two-element transpositions, and it is -
1 if the number of transpositions needed is odd. As a result, Τ(f) is defined as the 
minimum number of transpositions needed to perform the permutation p. and the sign 
is written as (−1)g(h). 
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 Therefore, the antisymmetric wavefunction is defined for N different orbitals is 
written as
	Ψ(6^,⋯ , 6`) = 1√k! 1 (−1)g(h)mh(^)(6^)⋯mh(`)(6`)hnop  (10) 
 
 Where ^√`! Is the normalization factor of the total wavefunction. HF utilizes the 
variational principle and thus HF energy is an upper bound to the true ground state energy 
of a given system. HF employs Slater determinants as trial wavefunction, where Slater 
determinants constitute one electron wave functions in this scheme. A Slater determinant 
is the simplest form of a wave function that satisfies the asymmetry requirement, where 
the sign of the wave function must invert upon the exchange of any two electrons. Eq. 
(11) shows the wave function for an N-electron wavefunction as a Slater determinant of 
orbitals were f1(2) refers to electron number “2” in the first spin orbital that is the product 
of the spatial function. 
Ψ = 1√k! qc^(1) c((1) … c`(1)c^(2) c((2) … c`(2)⋮ ⋮ ⋱ ⋮c^(k) c((k) … c`(k)q 
 
(11)
 The HF approximation simplifies the Schrödinger equation for a many-electron 
system by partitioning it into multiple one-electron equations. Each one electron wave 
function, known as a spatial orbital, is represented by fI and the corresponding orbital 
energy is represented by ei. The spatial orbital describes the behavior of an electron in 
the net field generated by all other electrons. The HF equation for orbitals is given in Eq. 
(12), where f is the effective one-electron Hamiltonian operator also known as the Fock 
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operator. The HF equations accounts for the contributions to the total energy of an 
electron.
 ucC = ;CcC  (12) 
 
u^ = "vwxy +1[{C − /C]`C  
 
 
(13) 
"vwxy = −12∇?( −1 >}|BC − G}|`}  (14) {CcC = cC cD∗ 1ÄBC − BDÄ cDXY( (9) 
/CcC = cC cD∗ 1ÄBC − BDÄ cDXY( (16)
 
 The Coulomb attraction between electron I and nucleus A and the core energy are 
determined by the Coulomb operator Ji and the HCORE operator, respectively. Coulomb 
attraction energy and core energy that represents the kinetic energy of electron i together 
contribute favorably to the electronic energy, which is reflected with the negative sign in 
Eq. (14). The exchange energy arises because of the antisymmetric nature of the wave 
function and has no classical counterpart. Exchange energy manifests from the Pauli 
Exclusion Principle, which states that no two electrons can have the same quantum 
numbers.19 Consequently, electrons with the same spin cannot have the same spatial 
coordinates and tend to avoid each other. 
  62 
 The consequence of utilizing Slater determinants to express the wave function is 
that the movement of electrons is uncorrelated. However, the ramification of expressing 
multi-electron wave functions in terms of one electron functions is that each electron in 
the system is influenced by an average field comprised of the nuclei and electrons. Thus, 
the solution of the one electron eigenvalue equation will affect the solutions to the 
remaining one-electron eigenvalue equations leading to redundancies. When a HF 
calculation is initiated, neither f or fI are known. Initially, a trial set of solutions, fI to the 
HF equations are guessed and are subsequently used to calculate the Coulomb and 
exchange operators. A new set of orbitals and corresponding energies are obtained from 
solve the one-electron eigenvalue equations. The orbitals and energies that are obtained 
from this process continues until the difference between subsequent solutions meets 
certain criteria and self-consistency is achieved. This iterative procedure is known as the 
self-consistent field (SCF) method. 
 The crucial drawback of HF is that it does not account for the electron 
correlation.10–12,19 Instead, the electrons are assumed to move in an average potential 
generated by other electrons. Consequently, HF performs poorly in comparison to other 
advanced quantum methods in calculating properties such as bond 
formation/breaking.23,24 However, HF is computationally less expensive than other ab 
initio methods and can therefore be applied to larger systems.18 In addition, the principles 
used in HF lay the ground work for other more advanced ab initio methods. 
 
  63 
2.6 Møller-Plesset perturbation theory 
The Møller-Plesset (MP) method13 goes beyond the HF method to include the 
electron correlation effects.11,12,25 MP theory is a special case of Rayleigh-Schrödinger (RS) 
perturbation theory.26 In RS perturbation theory an unperturbed Hamiltonian operator H 
is expressed as a sum of a zeroth order Hamiltonian (H0), and a small perturbation (V). 
 " = "< + Å. 
 
 In Eq. Error! Reference source not found., l is a parameter that varies from 0 to 1. The 
Hamiltonian is equal to the zeroth-order Hamiltonian when l=0 and the exact form when 
l=1. The wave functions and eigenvalues of H can then be expressed as a power series of 
l. 
 Ψ = 1ÅNΨ(N)`Nd<  (10) 
 
 
E = 1ÅNE(N)`Nd<  (11) 
In Eqs. (10) and (11), n refers to the order of the perturbation. For example, the first order 
correct is given by E(1). The perturbed wave function and energy are then substituted into 
the Schrödinger equation and solved.  
The MP-energy corrects are obtained from RS perturbation theory with the 
unperturbed Hamiltonian defined as the shifted Fock operator,"Ç< = ÉÑ + ÖΦ<Ä("Ç − ÉÑ)ÄΦ<Ü  (19)
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And the perturbation defined as the correlation potential.Ñ = "Ç − "Ç< = "Ç − áÉÑ + ÖΦ<Ä("Ç − ÉÑ)ÄΦ<Üà (20)
Where the norbalized Slater determinant is the lowest eigenstate of the Fock operator. 
In the MP2 formalism, the unperturbed Hamiltonian, H is defined as the some of 
the one-electron Fock operators that yield the zeroth-order energy E(0). Perturbation is 
necessary in order to achieve higher order corrections to the energy. By Eq. (19), the 
perturbation is the difference between the true and zeroth-order Hamiltonians. The sum 
of the first order energy and zeroth order perturbation (MP1) energy is the same as the 
HF energy for the closed shell system. Second order perturbations (MP2) are needed to 
obtain corrects to the HF energy. Higher order perturbation methods (i.e. MP4) are 
employed, however, the terms become mathematically unwieldy and the computational 
cost grows on the order of âNäã where O is the number of basis functions and n is the 
order of truncation in Eq. (10).18 MP2 methods are of interest and used in this work due 
to the moderate computational demand compared to other higher order perturbation 
methods while providing 80-90% of electron correlation. Therefore, MP2 calculations 
yield significant improvements of HF calculations in both geometries and energies.19 
However, MP2 is a non-variational method which means that the energy computed may 
now by higher or lower than the true energy of the system. 
 
2.7 Density functional theory 
In DFT,12,16,27–34 the properties of many-electron systems are determined from 
electron density rather than from a wave function.35–38 As a result, DFT is less resource 
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intensive that HF and post SCF methods such as MP2. DFT is based on the premise that 
there is a relationship between the total electronic energy of a system and its overall 
electronic density.39 The term functional reverts to a mathematical utility that is a 
function of a function. When this is applied to DFT, the total energy has functional 
dependence on the electron density which in turn has function dependence on the 
coordinates of the electrons in the system. Hohenberg and Kohn proposed the direct 
mathematical relationship between the electron density and the ground state energy of 
the system, however, an exact method of achieving energy from electron density is not 
provided.39 This method was improved upon by Kohn and Sham who provided a method 
for determining the density and thus the energy of the system.40,41 
 The Hohenberg and Kohn framework assumes that if electrons in a system are 
moving within a unique potential field (V) generated by positively charge nuclei, the 
Hamiltonian and corresponding energy of the system is unique.  
 To illustrate this point, assume that two spate potentials VA and VB and their 
associated Hamiltonians HA and HB, exact energies 0}Ixåy  and 0çIxåy , wave functions 
YA and YB yield the same electron density r(r). Applying the Variational theorem gives 
the following 0}Ixåy < ⟨Ψ}|"}|Ψç⟩ = ⟨Ψ}|"} − "ç + "ç|Ψç⟩ (12) 0}Ixåy < 0çIxåy + ⟨Ψ}|"} − "ç + "ç|Ψç⟩ (13)0}Ixåy < 0çIxåy + (.} − .ç)ëXY (14) 
0çIxåy < 0}Ixåy + (.ç − .})ëXY (15)
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0}Ixåy + 0çIxåy < 0}Ixåy+0çIxåy  (16) 
 If A is interchanged with B, and vice versa in Eq. (14), Eq. (15) results. Finally, 
addition of Eq. (14) and (15) gives Eq. (16), which is impossible. The summary from all the 
above equations is that two different potentials cannot yield a unique electron density. 
As a result, a unique electron density supports the existence of a unique wavefunction, 
energy and observable. The above equations are proof for the interrelation between 
electron density and the energy of the system. 
 The actual procedure for the computation of the energy of a system from its 
electron density was introduced by Kohn-Sham formalism in 1965 through a landmark 
paper.40 Kohn and Sham incorporated the ideas of HF in their formalism and proposed 
that the true density of a system with interacting electrons is identical to the density of a 
system having noninteracting electrons. Therefore, the Schrödinger equation for a multi-
electron system can be partitioned as shown in Eq. (17) and consequently the SCF 
manipulations can be utilized 
 uCíocC = ;CcC  (17) 
uCío = −12∇C( −1>}BC} + ë(Bì)BCCì XBì + .îv[ë]ïC  (18) 
 Kohn and Sham suggested that the sum of kinetic energy of the electrons and 
contributions from electronic interactions should be expressed as a sum of three terms: 
the kinetic energy of the non-interacting electrons given by the first term in Eq. (18), the 
attraction between electrons and nuclei given by the second term in Eq. (18) and the 
Columbic repulsions between charge distribution at ri and ri’ is given in third term. The 
most important and last term in Eq. (18) is the exchange-correlation term that is the 
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correction to the kinetics energy for the interaction nature of electrons and all non-
classical interaction that arise due to the electron-electron exchange energy. As shown in 
Eq. 25, .îv[ë] can e further divided into exchange and correlation terms. 
 .îv[ë] = .î[ë] + .v[ë] (19)
 Since, the exact expression for exchange-correlation term is not known, various 
approximations for .îv[ë] have been developed to determine exchange-correlation 
energy 0îv[ë]. Therefore, in the Kohn-Sham formalism the accuracy of DFT depends on 
the accuracy of the .îv[ë] approximations.41 Different types of approximations, such as 
local spin density approximation (LSDA),42 generalized gradient approximation 
(GGA),29,31,43,44 meta-GGA,45 hybrid-GGA29,43,46,47 hybrid-meta-GGA48 have been employed 
in current DFT implementations. These approximations differ in how they treat .îv[ë]. 
LSDA assumes that 0îv[ë] at any point in space depends only on the spin density at that 
specific spatial region. GGA employs the gradient of the density in addition to the spin-
density. Meta-GGA and hybrid-GGA improves upon GGA by incorporating spin-dependent 
electronic kinetic energy density and certain percentages of HF exchange respectively. 
Both meta-GGA and hybrid-GGA are considered in hybrid-meta-GGA. Even though DFT 
accounts for the electronic correlation, it lacks the ability to describe dispersion forces. 
Nonetheless, DFT is one of the most popular and versatile methods used not only in 
computational chemistry, but also in condensed-mater physics and computational 
physics. In this work, B3LYP and M062X functionals have been used. 
 Three case studied were considered by Mardirossian and Head-Gordon49 to show 
the utility and provide an overview of the current state of density functional theory. The 
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three case studies give information on modern functionals that include B97-D3(0)28, 
revPBE-D3(0),31 BYLP-D3(0), B97M-rV,30 MS1-D3(0), M06-L-D3(0), ωB97X-V, ωB97X-D3, 
ωB97X-D, ωB97M-V, ωM05-D, M06-2X-D3(0),50 and MN15.51 In their work, the first case 
study considers transition metal chemistry and considers a model system for a second 
geration Grubbs catalyst often used in olefin metathesis. The original work is by Zhao and 
Truhlar.52 and reference values have been refined by Kesharwanit and Martin.53 The 
second case study is representative of biological chemistry and hails from a paper by 
Hobza and coworkers on protein-DNA interactions in biological processes.54 The final case 
study involves a total of 2510 water dimer configurations extracted from molecular 
dynamics simulations55 with highly accurate reference values recomputed by Sherril et 
al.56 These case studies show the wide application and usefulness of density functional 
theory. 
 
2.7.1 B3LYP 
 B3LYP is one of the most popular functionals in use in modern computational 
chemistry.57 The popularity of B3LYP is due to its ability to predict the molecular structure, 
atomization energies, ionization potentials, proton affinities and total energies that are in 
excellent agreement with experiments.12 The exchange-correlation energy in B3LYP is 
defined as 0çãñóòîv = (1 − ô)0ñoö}î + ô0õúî + ù∆0çûûî + ü0ñóòv + (1− ü)0†°`ãv  (20) 
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 In Eq. (20) the first term represents the exchange energy determined by the spin 
density approximation put forward by Slater.41,42 The second term gives the HF exchange. 
Beckes’s gradient corrected exchange energy is determined from the third term.28 The 
fourth term represents the gradient and includes correlation energy of Lee, Yang, and 
Parr.44 The last term corresponds to the standard correlation energy from VWN3 
functional proposed by Vosko, Wilk, and Nusair.58 The values of the optimized coefficients 
a, b, and c are 0.20, 0.72, and 0.81, respectively.28 These values of the coefficients are 
empirically derived from experimentally determined 56 atomization energies, 42 
ionization potential, 8 proton affinities, and 10 first row total atomic energies using a least 
square fit. 
 Despite the progress in the field of DFT and the appearance of several new 
functionals every year, B3LYP remains popular.57 However, B3LYP is not efficient for 
calculating bond energies and lengths involving transition metals and it underestimates 
systematically barrier heights, and it is inaccurate for interactions dominated by medium 
range correlation energies, such as van der Waals attraction, aromatic-aromatic stacking, 
and alkane isomerization energies.52 
 
2.7.2 M06-2X 
 The continued development and improved exchange-correlation functionals is 
essential for expending the applications of density functional theory. Much progress has 
been made in the last decade,32,33,37,46,47,50,59 primarily due to exploitation of kinetic 
energy density and the systematic optimization of exchange-correlation functionals 
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against broad and diverse databases. Six strategies have been widely employed for 
designing density functional: (1) local spin density approximation (LSDA), (2) density-
gradient expansion, (3) constraint satisfaction, (4) modeling the exchange-correlation 
hole, (5) empirical fits, and (6) mixing Hartree-Fock and approximate FT exchange. Truhlar 
employed stateges 3, 5, and 6.46  
The M06-2X47 functionals belong to Truhlar’s new generation of HM-GGA density 
functional methods. The local parts of M06 and M06-2X functionals depends on three 
variables: spin density (pσ), reduced spin density gradient (xσ), and pink kinetic energy 
density (τσ). 
6¢ = |∇f¢|f¢£/ã 	• = ¶, ß (27)
Y¢ = 12 1 Ä∇ΨC¢(ÄJPPOhC  (28)
The M06 functional includes terms based on the VSXC functional60 and these 
terms involve a working variable zσ and two working functions γ and h defined by:
8¢ = 2Y¢f¢®/ã − ©ú, ©ú = 25 (6+()(/ã (29) ¨(6¢, 8¢) = 1 + ¶(6¢( + 8¢) (30) 
ℎ(6¢, 8¢) = 4 XJ¨(6<, 8<) + X^6¢( + X(8¢¢¨((6¢,8¢) + Xã6¢£ + X£6¢(8¢ + X®8¢(¢¨ã(6¢, 8¢) 9 (31) 
Note that σ denotes the component along an arbitrary space-fixed axis of electron sping 
angular momentum. 
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 The functional form of the M062X correlation functionals is the same as the 
functional form of the M06. This functional form is based on the M05 and VSXC 
correlation functionals. In the correlation functional, the opposite-spin and parallel-spin 
correlation differently. 
 The opposite-spin M062X correlation energy is expressed as
0v≠Æ = @≠ÆåyØ∞±≠Æá6≠, 6Æà + ℎ≠Æ(6≠Æ, 8≠Æ)≤XB (32) 
Where ±≠Æá6≠, 6Æà is defined as
±≠Æá6≠, 6Æà =1üv≠Æ,C 4 ¨v≠Æ(6≠( + 6Æ()1 + ¨v≠Æ(6≠( + 6Æ()9NCd<
C
 
(33) 
For parallel spins,
0v¢¢ = @¢¢åyØ[±¢(6¢) + ℎ¢¢(6¢, 8¢)]XB (34) 
Where ±¢(6¢) is defined as
±¢(6¢) =1üv¢¢,C 4 ¨v¢¢6¢(1 + ¨v¢¢6¢(9NCd<
C
 
 
(35)
The total M062X correlation energy of the new correlation functional is given b0P = 0v≠Æ + 0v≠≠ + 0vÆÆ  (36) 
In addition, to integrating kinetic energy density in correlational functional, the 
M06-2X functional incorporates the kinetic energy density into exchange functional. The 
M06 suite of functionals was developed to address the shortcomings of B3LYP. The 
amount of HF exchange in M06-2X (54%). 
 Based on the tests conducted on 496 data points in 32 databases, Truhlar et al. 
suggest that M06-2X deliver results that are in excellent agreement with experiments in 
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case of main-group thermochemical kinetics, hydrogen bonding, p-p stacking, interaction 
energies of nucleobases, and alkyl bond dissociation energies.47,52 
 
2.8 Semiempirical 
Semiempirical methods are simplified versions of HF theory using empirical corrections 
usually derived from experimental data. The most common methods utilized are the 
modified neglect of diatomic overlap (MNDO),61 AM1,14 PM3,62 and PM6.15 
 In semiempirical methods, only valence electrons are considered, and the core is 
treated by reducing nuclear charge or by adding special core functions. Only a minimum 
number of basis functions are used.  
One common approximation in semiempirical techniques is zero differential 
overlap (ZDO).  If the molecular orbitals are expanded in terms of N basis function as:
ΦC = 1©C≥¥≥}`≥d^  (37) 
Where A is the atom basis function is centered on, and Ciμ are coefficients, the two-
electron repulsion integrals are then defined aσ
⟨µ∂|Å•⟩ = ∑á¥≥}(1)à ∗ ∏¥πv(2)∫ ∗ 1B^ ( ¥¢ö(1)¥¢ö(2) XY^XY( 
(38) 
The zero differential overlap approximation ignores integrals that contain the product á¥≥}(1)à ∗ ∏¥πv(2)∫ where μ is not equal to ν. This leads to: ⟨µ∂|Å•⟩ = ª≥ºªº¢⟨µ∂|µ∂⟩ (39) 
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where
ª≥º = Ω0, µ ≠ ∂1, µ = ∂ (40) 
 
 In semiempirical methods, for integrals that are not neglected some are computed 
exactly while some are computed using parameters from experiment. In AM1, alkyl 
groups are too stable by ~2 kcal/mol per CH2 and peroxide compounds are not described 
well. For PM3, rotations about partial double bonds give barriers that are two low, 
parameters for metals are ill defined, and weak interactions such as London dispersion 
forces are unreliable.62 PM6 improves on AM1 and PM3, while more parameters are 
added to include more metals. However, in PM6, weak interactions are still unreliable.15 
 
2.9 Basis sets 
A basis set is a set of functions that are combined in linear combinations to 
represent the atomic orbitals, molecular orbitals and wave function of a system.11,12,18,63,64 
A basis set in conjunction with chemical methods allow for finding solutions to the 
Schrödinger equation. There exists a wide variety of basis sets. The most commonly used 
basis sets are the Pople basis sets, and the Dunning’s correlation consistent basis 
sets.11,12,18,65–69 
2.9.1 Slater-type orbital (STO) and Gaussian-type orbitals (GTO) 
 Slater-type orbitals (STO) are defined bycL¿PoIw(6, 7, 8) = k6L7¿8P@¡¬R  (41) 
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Where N is a normalization constant, a,b,c, control the angular momentum such that 
L=a+b+c. ζ controls the width of the orbital where large ζ gives tight functions and small ζ 
gives diffuse functions). Slater type orbitals are H-atom-like, however, they lack radial 
nodes and are nor pure spherical harmonics.  
 Gaussian-type orbitals (GTO) are defined bycL¿PØIw(6, 7, 8) = k6L7¿8P@¡¬R√  (42) 
Just as in STO, a,b,c control angular momentum and ζ controls the width of the orbital. 
GTO are no longer H-atom-like, even for 1s. GTO are much easier to compute through the 
Gaussian product theorem. 
 In a comparision between STO and GTO, STOs are more accurate to compute by 
have a higher computation time than GTOs. The solution to this problem is to use linear 
combinations of GTOs to mimic STOs, known as contracted Gaussian type orbitals (CGTO) 
As a result, the common notation STO-nG basis sets are used. Such basis sets are defined 
by
cL¿PvØIw(6, 7, 8) = k1üC6L7¿8P@¡¬ƒR√NCd^  (43) 
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Figure 2.9. Comparison of the quality of the least-squares fit of a 1s Slater function (ζ=1.0) obtained at 
the STO-1G, STO-2G, and STO-3G levels recreated from Szabo and Ostlund, Modern Quantum 
Chemistry.10 
 
2.9.2 Pople type basis sets 
 Pople split valance basis sets are developed based on the premise that chemical 
bonding is primarily a consequence of interacting valance orbitals.65–68 Therefore, Pople 
split valance basis sets each valance orbital is represented by multiple basis functions and 
each ore orbital is represented by a single basis function. A general form of a Pople split 
valance basis set is i-jklG. The letter “i" is the number of Gaussian primitives used for the 
core orbital basis functions. The letters “j”, “k”, and “l” are the number of Gaussians in 
the different valance orbitals basis functions. Pople basis sets are either double (6-31G) 
or triple (6-311G) and can contain additional terms for polarization and diffuse functions. 
The split valance basis sets of Pople describe the core orbitals with one basis function and 
the valance orbitals are described by multiple basis functions. For example, two basis 
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functions are utilized for double split valances and three basis functions for triple split 
valance. 
 In addition, polarization functions can be added to a basis set. Polarization adds 
higher levels of angular momentum onto the basis sets. Another type of basis function 
found in a Pople basis set is the diffuse function. Diffuse functions ad larger s and p type 
functions, which is important for describing accurately anions and lone pairs.67 
For example, it is useful to refer to how large a basis set is by listing how many sets of 
functions it has for each angular momentum type. The hydrogen atom minimal basis is 1s 
(1 function), carbon atom minimal basis is 2s1p (5 functions). The carbon atom double-
zeta basis is 4sp2 (10 functions) and carbon atom split-valence double-zeta basis is 3s2p 
(9 functions). 
 The Pople basis sets used in this work include, 3-21G*, 6-31G*, and 6-31+G*. In 3-
21G* there are three primitive Gaussian functions comprising each core atomic orbital 
basis function, two Gaussian functions that comprise the first STO of the double zeta, and 
one Gaussian function summed into the second STO and polarization functions are added 
to heavy atoms. For 6-31G* there are six primitive Gaussian function comprising each 
core atomic orbital basis function, three Gaussian functions that comprise the first STO of 
the double zeta, and one Gaussian function summed into the second STO and polarization 
functions are added to the heavy atoms. 6-31+G* has the same set up as 6-31G* with the 
addition of diffuse functions added to heavy atoms. 
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2.9.3 Dunning type basis sets 
 The second type of basis set of interest in this work is the Dunning’s correlation 
consistent basis sets.69 As the name indicates, these basis are designed to converge to the 
complete basis set (CBS) limit when extrapolation techniques are used. The common 
notation for Dunning’s correlation consistent basis sets is jul-cc-VnZ (n=D,T,Q,5,6 …) the 
Presence of “jul” signifies the addition of diffuse functions to all atoms except hydrogen 
and helium. The value of n represents the number of polarization functions. For cc-pvdz 
in the case of hydrogen contains s functions plus additional s and p functions. The cc-pvtz 
basis set has the same basis functions as the pvdz case plus an additional s,p, and d 
functions added. 
 The Dunning basis sets used in this work include jul-cc-pvdz, jul-cc-pvtz, and jul-
cc-pvqz. The “cc-p” stands for correlation-consistent polarize and the “v” stands for 
valence-only basis sets. They induce successively larger shells of polarization function. 
2.10 Intrinsic reaction coordinate 
IRC is defined as the minimum energy reaction path (MERP) in mass-weighted 
Cartesian coordinates between the transition state of a reaction and its reactions and 
products. It can be thought of as the path that the molecule takes moving down the 
product and reactant valleys with zero kinetic energy.70 
Using the Gonzalez-Schlegel method, the IRC path involves walking down the 
path in a number of steps of fixed size n. The path is constructed using Figure 2.. 
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Figure 2.2. Determination of the IRC path points 
 Starting from point P1 on the path (blue) an auxiliary point P’ located a distance 
n/2 from P1 along a tangent line a (green). The construction of P’ does not involve any 
energy or gradient calculations. On a (hyper)sphere of radius n/2 centered at P’ the 
lowest energy point on the path that intersects the (hyper)sphere P2. This latter point is 
the new IRC path point. This energy search requires energy and gradient calculations. 
The sequence is repeated until maximum number of steps in reached or energy 
minimum is reached.71 
2.11 Natural bond order 
The NBO analysis transforms the canonical delocalized HF molecular orbitals (MO) 
into localized orbitals that are closely tied to chemical bonding concepts.72 This process 
involves sequential transformation of nonorthogonal atomic orbitals (AO) so the sets of 
natural atomic orbitals (NAO),73 and hybrid orbitals (NHO),74 and bond orbitals (NBO),72 
Natural bond orbitals are localized few-center orbitals that describe the Lewis-like 
molecular bonding pattern of electron pairs in optimally compact form. More precisely, 
NBOs are an orthonormal set of localized maximum occupancy orbitals whose leading 
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N/2 members, or N members in the open-shell case, give the most accurate possible 
Lewis-like description of the total N-electron density. 
Neither the form of the bonding hybrids nor the locations of localized bonds and 
lone pairs are pre-determined. Rather, the NBO algorithm searches over all possible ways 
of drawing the bonds and lone pairs for the variationally optimal bonding pattern that 
places maximum occupancy, highest percentage of the total electron density, in the 
leading N/2 “Lewis-type NBOs. These percentages are typically >99.9% for common 
organic molecules. The Lewis-type NBOs determine the localized natural lewis structure 
representation of the wavefunction, while the remaining non-Lewis-type NBOS complete 
the span of the basis and describe the residual delocalization effects. As a result, NBOs 
provide a valence bond-type description of the wavefunction, closely linked to classicl 
Lewis structure concepts. 
NBOs are composed of natural hybrid orbitals (NHOs) {ha} which are optimized linear 
combinations of natural atomic orbitals on the give center. 
 ℎL =1ô3≈∆3  (44) 
The pre-orthogonal orbitals are defined by an expansion with identical aks but in terms of 
preorthogonal natural atomic orbitals. Like the natural atomic orbitals, the natural 
harmonic orbitals from a complete orthonormal set that spans the full basis space. Core 
NBOs are typically of nearly pure natural atomic orbital character. The 1-center lone pair 
(nonbonding) NBOs na are each composed of a single normalized NHO. 
Each of these localized basis sets is complete and orthonormal.75 Importantly, 
these sets also describe the wave function in the most economical way because electron 
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density and other properties are described by the minimal amount of filled orbitals in the 
most rapidly convergent fashion. Filled NBOs describe the hypothetical, strictly localized 
Lewis structure. The E(2) energy values from the second-order perturbation method then 
provide a reasonable quantitative description of the magnitude of such delocalizing 
interactions. 
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Chapter 3 
Investigation of l-menthoxy aluminum dichloride ring-flip 
3.1 Motivation 
The first positive asymmetric catalytic Diels-Alder reaction of 2-methacrolein and 
cyclopentadiene catalyzed by l-menthoxyaluminum dichloride, 3.1, can be traced to the 
work of Koga and coworkers in 1979, as shown in Scheme 3.9.1 
Scheme 3.9. Use of menthoxyaluminum dichloride, 3.1, in the catalytic asymmetric Diels-Alder reaction 
of cyclopentadiene with methacrolein. 
 
The same authors confirmed the results in 1987 (72% ee) for cycloadduct 3.2 and 
proposed a transition state interpretation, where the isopropyl substituent shields the 
back face of the coordinated methacrolein (see Structure 3.3 in Scheme 3.10), resulting 
in attack of cyclopentadiene from the front face to produce the observed (+)-3.2. 
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Scheme 3.10. Back face blocking of the coordinated methacrolein 3.3 as proposed by Koga.2 
 
 Koga’s model made assumptions on the blocking face that should depend upon 
the conformation of menthol, position of the Lewis acid binding, and the stiffness of the 
complex to bias the trajectory of the diene to complete the Diels-Alder reaction. Koga’s 
work inspired us to use modern large-scale computing to address the assumptions of his 
stereochemical interpretation. 
3.2 Research design 
We start by identifying an appropriate level of theory to describe the structures 
and relative energies through a systematic investigation of the well-studied cyclohexane 
ring-flip3–6 and A-values of differently substituted cyclohexanes.7 Equipped with a trusted 
quantum mechanical approach, a combination of geometry optimization and intrinsic 
reaction coordinate (IRC) calculations are used to determine the structures and energies 
of the three possible chair-to-chair ring interconversions of 3.4 and 3.1.  
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The conformational mapping (CM) technique was used to deliver insight into the 
available conformations of 3.4 that has many different discrete conformations which are 
difficult if not impossible to determine experimentally. In addition, CM guides our 
computational strategy to find the most energetically favored conformation and 
preferred ring-flip path. 
While the project does not immediately address conformational and blocking 
assumptions made by Koga and coworkers with the dienophile bound (which are directly 
addressed in Chapter 5),2 our study addresses critical features leading to the 
enantiodifferentiated environment. First, our calculations will determine the energies 
and structures associated with 3.1 and 3.4. The lowest energy conformation and 
interconversion pathways to other low energy twist boat minima will be evaluated. 
Second in the same spirit has described by Koga, the impact of substituents, e.g. the 
isopropyl and methyl groups, are interrogated as potential blocking faces for the eventual 
binding of the dienophile (not the diene trajectory at this stage). The details and relation 
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to the stereochemical consequences of the Diels-Alder reaction will be further examined 
and reported in Chapter 5. 
3.3 (-)-Menthol derivatives for stereoselective improvement 
 There are many different (-)-isomers of (-)-menthol that are useful in the food and 
drug industries. (+) and (-)-Isomenthol is used solely as a flavoring agent and has a minty 
cooling flavor.8 (+) and (-)-Neomenthol is found in the peppermint plant9 and is used as an 
additive in oral hygiene products and as a flavoring agent (Chart 3.7).10 
 
Chart 3.7. Possible isomers of menthol. 
(-)-Menthol is the most stable isomer and is widely used as a catalyst scaffold due 
to its low cost and ease of synthesis and isolation from natural products.11 However, (-)-
menthol alone shows limited use in practical organic synthesis.12 Therefore, (-)-menthol 
has been highly modified to achieve higher stereoselectivites in organic synthesis. 
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Corey modified (-)-menthol to (-)-8-phenylmenthol acrylate ester and allowed it to 
react with 5-benzyloxymethylcyclopentadiene and observed high stereoselectivity in the 
Diels-Alder step of the synthesis of prostaglandin.13 Corey proposed that the back face of 
the acrylate is blocked by the auxiliary and as a result, the cycloaddition occurs at the front 
face of the olefin (Scheme 3.11). 
Scheme 3.11. Reaction between (-)-8-phenylmenthol acrylate ester and 5-
benzyloxymethylcyclopentadiene conducted by Corey and Ensley.13 
 
 Whitesell further built upon the work conducted by Corey by developing trans-2-
phenylcyclohexanol for use as a chiral auxiliary. Like (-)-8-phenylmenthol, trans-2-
phenylcyclohexanol can be synthesized from (-)-menthol.14 trans-2-Phenylcyclohexanol is 
used in the ene reaction of the derived ester of glyoxylic acid (Scheme 3.12)15 and in the 
total synthsis of (-)-heptemeroone B and (-)-guanacastepene E to yield the anti-adduct in a 
10:1 ratio (Scheme 3.13).16 
Scheme 3.12. trans-2-Phenylcyclohexanol used in the ene reaction of the derived ester of glyoxylic acid.15 
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Scheme 3.13. The glyoxylate reacted with 2,4-dimethyl-2-pentane with trans-2-phenylcyclohexanol as a 
chiral auxiliary.16 
 
However, despite the development of menthol and reported stereoselective results, 
a full explanation of the menthoxy aluminum dichloride landmark paper has not been 
realized.17–22 
3.4 (-)-Menthol and l-menthoxy aluminum dichloride conformations 
The many different conformations of (-)-menthol and by extension (-)-menthol 
based Lewis acid catalysts is a contributing factor in the complexity explaining the 
stereoselectivity of organic reaction using a (-)-menthol based catalyst. In a conformation 
study by Chang and coworkers, the program QUANTA was used to conduct a 
conformational search of (-)-menthol.23 This study resulted in 60 different conformations 
of (-)-menthol with energy minima ranging from 0.7 to 13.1 kcal/mol and a global-
minimum chair conformation in which all the substituents are equatorial. Chang et al. did 
not analyze the conformations nor the barriers that separate the minima, and only described 
the global minimum. In order to test Koga’s model, it is necessary to provide a complete 
conformational analysis of the (-)-menthol energy landscape including the barriers for 
interconversion. 
 Since (-)-menthol contains the cyclohexane framework and the cyclohexane ring-
flip has been characterized extensively,3,4,6 it could potentially interconvert to other 
conformations through a cyclohexane-like ring-flip. There is little known experimental 
evidence of the different conformations of the (-)-menthol ring-flip, except for a microwave 
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study by Schmitz et al., where only one conformer of (-)-menthol is significantly 
populated.21 In their study, the microwave spectroscopic peaks of (-)-menthol give 
rotational constants consistent with dihedral values that match the (-)-menthol chair 
conformation when compared to computations done at the B3LYP/aug-cc-pvtz level of 
theory. Due to the fact that (-)-menthol is the most stable conformation and the experiments 
performed by Schmitz et al. were performed at room temperature, only the cyclohexane 
chair conformation was observed.21 
 
3.5 Experimental determination of the cyclohexane ring-flip 
 The cyclohexane ring-flip serves as a computational model for l-menthoxy 
aluminum due to the fact that it is well studied by experiment3,4,6 and forms the 
underlying framework in which the substituents are attached. To our knowledge, modern 
density functionals or second-order perturbation theory has not been reported in the 
literature. 
 Starting from the most stable chair conformation, cyclohexane first proceeds 
through the half-chair transition state.3 Two possible structures for half-chair are often 
cited in the literature.7,24–31 The half-chair structure involving four coplanar carbons is  
more stable in energy than the structure involving five coplanar carbons. However, the 
five-coplanar half-chair transition state is traditionally taught in undergraduate organic 
chemistry (Figure 3.10).6  
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Figure 3.10. Structure of four coplanar carbon HC and five coplanar carbon HC. ÐC1C2C3C4 dihedral is 
0 degrees for four coplanar structure while ÐC1C2C3C4 and ÐC2C3C4C5 dihedrals are both zero degrees 
for five coplanar carbon. 
 The four coplanar half-chair structure is also confirmed by intrinsic reaction 
coordinate (IRC) calculations.32 The IRC calculations show that the four coplanar 
structures connects to the chair conformation on both sides of the path.33 The reported 
enthalpy (ΔH) difference between the half-chair conformation and the chair 
conformation is 10.8 ± 0.1 kcal/mol.3 This enthalpy difference was measured using line-
shape analysis NMR and double resonance NMR.3 Both NMR methods were obtained at 
a temperature range between -117 °C to – 27 °C. The sample for both methods was a 12% 
solution of C6HD11 in carbon disulfide with 5.3% methylene chloride and 1% 
tetramethylsilane (TMS). This study does not address the debated four coplanar carbon 
vs. five coplanar carbon half-chair structures. 
From the half-chair conformation, the cyclohexane ring-flip proceeds to the twist-
boat intermediate. The twist-boat intermediate is 5.5 ± 0.05 kcal/mol higher in energy 
than the chair conformation,4,6 which was determined through low temperature IR 
analysis of a deposition of cyclohexane gas on a CsI salt plate.4 The low temperature 
allows for a higher probability of cyclohexane being in the twist-boat conformation, while 
the deposition of the gas onto the CsI salt plate at the low temperature prevents the 
conformation from changing. The twist-boat conformation has not been observed using 
an NMR method due to the difficulty in capturing enough twist-boat structure.4 The 
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cyclohexane gas at 0.2 Torr was heated to ca. 800 K and allowed to deposit onto a CsI salt 
plate in a large excess of Ar gas. This plate with the deposited cyclohexane gas was then 
cooled to 20 K before the IR was obtained. 
 The cyclohexane ring-flip is assumed to proceed from the twist-boat intermediate 
to the boat transition state. A computational study of the boat transition state posits that 
it lies 1-2 kcal/mol above the twist-boat conformation.34 However, this change in energy 
has not been confirmed experimentally. It is debated whether the cyclohexane ring-flip 
proceeds through the boat transition state, with the two main theories suggesting that 
the cyclohexane ring-flip proceeds through either a boat conformation or from half-chair 
to twist-boat directly without passing through the boat by passing through multiple 
different twist-boat conformations in a pseudorotation motion.5,6 
 
3.6 Mathematical methods and ring-puckering coordinates 
 The nonplanar character of closed rings in many cyclic compounds including 
cyclohexane has been widely recognized for many years.3,5,6,12,19,21 However, there 
remains difficulty in the systematic definition of the nonplanar conformations of cyclic 
compounds that hinders the insight into their structures.23 For rings with small numbers 
of carbons, or for systems with high symmetry nomenclature specific for each system 
exists. Consider cyclopentane and the envelope form, or cyclohexane and the chair, half-
chair, twist-boat, and boat conformations. As the complexity of the system increases, no 
nomenclature exists. For substituted cyclohexane, the systematic definition of cyclic 
conformations become especially important due to the difficult nature isolating the 
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conformations experimentally and the lack of clarity in the naming convention the 
conformations. 
 Ring puckering coordinates provide a systematic way of quantifying the various 
conformations that cyclic compounds can occupy.35 This provides a way to gain insight 
into the available conformation landscape of these compounds. To define ring puckering 
coordinates, suppose that the positions of the nuclei of six atoms (specific for 
cyclohexane) forms a puckered ring that are specified by Cartesian coordinates (xj, yj, zj) 
or position vectors Rj (j=1, 2, …, 6). Initially, these coordinates can be with respect to any 
origin, but it is convenient to translate the coordinates with reference to the origin at the 
center of mass of the six nuclei. This is also the geometric center if all six nuclei have the 
same mass. Therefore, after the translation, the position vectors satisfy 
 1«D = 0»Dd^  (27) 
 To simplify the definition of a system of puckering coordinates, it is necessary to 
determine the displacement of each ring nucleus from some suitably defined mean plane. 
This plane is defined such that it passes through the central origin defined above. 
Furthermore, this allows for the definition of a new set of Cartesian coordinates with 
respect to molecular axes where the origin is the center of mass or geometric center and 
the z coordinate is perpendicular to the plane. This allows for treatment of only the z 
displacement in all further manipulations. 
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 The orientation of the mean plane is not yet fixed. The puckering with respect to 
the plane z=0 can be partly described by the six zj coordinates. By (27) and the 
requirement that the origin is at the geometric center it follows that 
 1…D = 0»Dd^  (28)
This is enough to ensure the position of the mean plane due to the physical 
limitations of the ring bond distances and angles. We now impose additional conditions 
that are sufficient to make the mean plane unique by defining a unique orientation. These 
equations define the normal to the plane in reference to the z values defined by the ring 
nuclei positions. 
1…Dcos	 Õ2+(Œ − 1)6 œ = 0»Dd^  (29) 1…Dsin	 Õ2+(Œ − 1)6 œ = 0»Dd^  (30) 
Once the mean plane is defined, we use the new Cartesian coordinates to express 
zj in terms of the puckering coordinates q2, q3, and φ2 through 
8D = “13‘( cos Õ’( + 4+(Œ − 1)6 œ + 1√6‘ã(−1)D¡^ (31) 
The term j1 is the translation term and is not treated here. Translation here is 
defined as the movement of the entire molecule through three-dimensional space. This 
value does not affect the ring-puckering terms. The terms q2, q3, and φ2 define the 
puckering degrees of freedom where q3 is the single puckering coordinate and (q2,φ2) is 
the single amplitude-phase pair. These coordinates are expressed as a spherical polar set 
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(Q, θ, φ) (Figure 3.11) where Q is the total puckering amplitude and θ is an angle (0 ≤ θ ≤ 
180) such that 
 ‘( = ÷cos≈ (32) 
 ‘ã = ÷sin≈ (33) 
where 
18D( = 	1‘◊(ã◊ = ÷(»Dd^  (34) 
 
Figure 3.11. Conformational globe of the puckered cyclohexane ring. 
 For the cyclohexane chair conformation, the z displacements in the standard 
orientation (Figure 3.12) are listed in Table 3.2. 
θ=0o
θ=180o
θ=66.5o
θ=90o
θ=113.5o
φ=30o
φ=60o φ=90o φ=120o
φ=150o
φ=0o φ=180o
C C
CC
q2
q2
φ2
θ
Q
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Table 3.2. Cyclohexane chair conformation cartesian coordinates in standard orientation. 
Atom Number. Xi Yi Zi 
C1 0.00 -1.44 0.25 
C2 1.25 0.72 0.25 
C3 -1.25 0.72 0.25 
C4 0.00 1.44 -0.25 
C5 1.25 -0.72 -0.25 
C6 -1.25 -0.72 -0.25 
 
 
Figure 3.12. Cyclohexane chair conformation with z displacements outlined. 
 
 The first step in determining the ring-puckering coordinates is to translate along 
in the z axis such that the sum of all z displacements is zero as per (27). For the case of 
the chair conformation, 0.25 + 0.25 + 0.25 + 0.25 − 0.25 − 0.25 − 0.25 = 0 
The next step is to ensure that the mean plane is unique as defined by (28) and 
(29). 
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0.25 ∗ cos 42+(1 − 1)6 9 + 0.25 ∗ üŸ⁄ 42+(2 − 1)6 9 + 0.25 ∗ cos 42+(3 − 1)6 9 − 0.25
∗ cos 42+(4 − 1)6 9 − 0.25 ∗ cos 42+(5 − 1)6 9 − 0.25 ∗ üŸ⁄ 42+(6 − 1)6 9
= 0.25 ∗ cos(0) + 0.25 ∗ cos ∏+3∫ + 0.25 ∗ üŸ⁄ ¤2+3 ‹ − 0.25 ∗ üŸ⁄(+)
− 0.25 ∗ üŸ⁄ ¤4+3 ‹ − 0.25 ∗ üŸ⁄ ¤5+3 ‹= 0.25 + 0.125 − 0.125 + 0.25 + 0.125 − 0.125 = 0.5 
Similarly, 
0.25 ∗ sin 42+(1 − 1)6 9 + 0.25 ∗ ⁄›fi 42+(2 − 1)6 9 + 0.25 ∗ sin 42+(3 − 1)6 9 − 0.25
∗ sin 42+(4 − 1)6 9 − 0.25 ∗ sin 42+(5 − 1)6 9 − 0.25 ∗ ⁄›fi 42+(6 − 1)6 9
= 0.25 ∗ sin(0) + 0.25 ∗ sin ∏+3∫ + 0.25 ∗ ⁄›fi ¤2+3 ‹ − 0.25 ∗ ⁄›fi(+)
− 0.25 ∗ ⁄›fi ¤4+3 ‹ − 0.25 ∗ ⁄›fi ¤5+3 ‹= 0 + 0.22 + 0.22 + 0 + 0.22 + 0.22 = 0.88 
In the application of (29) and (30) the angle now needs to be adjusted to equal 
zero. This is done by finding the rotation angle found in the standard three-dimensional 
rotation matrix in the x direction (35) at which (29) becomes zero. 
 fl1 0 00 cos	(≈) −sin	(≈)0 sin	(≈) cos	(≈) ‡ (35) 
 When (35) is multiplied by the transpose of the cartesian coordinate matrix you 
achieve 
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fl1 0 00 cos	(≈) −sin	(≈)0 sin	(≈) cos	(≈) ‡ fl 0 1.25 −1.25 0 1.25 −1.25−1.44 0.72 0.72 1.44 −0.72 −0.720.25 0.25 0.25 −0.25 −0.25 −0.25‡ 
The resulting matrix multiplication results in a new set of cartesian coordinate 
shown in Table 3.3. 
Table 3.3. New calculated cartesian coordinates from the multiplication of (35) by the original cartesian 
coordinates in Table 3.2. 
Atom Number. Xi Yi Zi 
C1 0 −1.44 cos(≈) − 0.25sin	(≈) −1.44 sin(≈) + 0.25cos	(≈) 
C2 1.25 0.72 cos(≈) − 0.25sin	(≈) 0.72 sin(≈) + 0.25cos	(≈) 
C3 -1.25 0.72 cos(≈) − 0.25sin	(≈) 0.72 sin(≈) + 0.25cos	(≈) 
C4 0 1.44 cos(≈) + 0.25sin	(≈) 1.44 sin(≈) − 0.25cos	(≈) 
C5 1.25 −0.72 cos(≈) + 0.25sin	(≈) −0.72 sin(≈) − 0.25cos	(≈) 
C6 -1.25 −0.72 cos(≈) + 0.25sin	(≈) −0.72 sin(≈) − 0.25cos	(≈) 
 
The resulting z coordinates must conform to (28) and as a result theta can be 
determined through simple algebra and trigonometry with the following result. 
(−1.44 sin(≈) + 0.25 cos(≈)) ∗ sin(0) + (0.72 sin(≈) + 0.25 cos(≈)) ∗ sin ∏+3∫+ (0.72 sin(≈) + 0.25 cos(≈)) ∗ ⁄›fi ¤2+3 ‹ + (1.44 sin(≈) − 0.25 cos(≈))
∗ ⁄›fi(+) + (−0.72 sin(≈) − 0.25 cos(≈)) ∗ ⁄›fi ¤4+3 ‹
+ (−0.72 sin(≈) − 0.25 cos(≈)) ∗ ⁄›fi ¤5+3 ‹= 0 + 0.866(0.72 sin(≈) + 0.25 cos(≈))+ 0.866(0.72 sin(≈) + 0.25 cos(≈)) + 0− 0.866(−0.72 sin(≈) − 0.25 cos(≈))− 0.866(−0.72 sin(≈) − 0.25 cos(≈)) = 0 
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Which reduces to sin(≈) (0.624 + 0.624 + 0.624 + 0.624) + cos(≈) (0.217 + 0.217 + 0.217 + 0.217)= 2.496 sin(≈) + 0.868 cos(θ) = 0 
Solving for theta yields ≈ = arctan(−0.348) = −19.18	X@±B@@⁄ 
When theta is applied to Table 3.3, the new cartesian coordinates in results. 
Table 3.4. Cartesian coordinates of x-rotated mean plane. 
Atom Number. Xi Yi Zi 
C1 0.00 -1.28 0.71 
C2 1.25 0.15 0.00 
C3 -1.25 0.15 0.00 
C4 0.00 1.28 -0.71 
C5 1.25 -0.76 0.00 
C6 -1.25 -0.76 0.00 
 
In a similar fashion, the resulting z coordinates in Table 3.4 must agree with (29). 
Checking the resulting equations results in 0.71 cos(0) − 0.71 cos(+) = 1.42 
The resulting coordinates are rotated about the y axis by such that (29) is equal to 
zero. 
 fl cos	(≈) 0 sin	(≈)0 1 0−sin	(≈) 0 cos	(≈)‡ (36) 
When (36) is multiplied by the transpose of the cartesian coordinate matrix you achieve. 
fl cos	(≈) 0 sin	(≈)0 1 0−sin	(≈) 0 cos	(≈)‡ fl 0 1.25 −1.25 0 1.25 −1.25−1.28 0.15 0.15 1.28 −0.76 −0.760.71 0 0 −0.71 0 0 ‡ 
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The resulting matrix multiplication results in a new set of cartesian coordinate 
shown in Table 3.5 
Table 3.5. New calculated cartesian coordinates from the multiplication of (36) by the cartesian coordinates 
in Table 3.4. 
Atom Number. Xi Yi Zi 
C1 0.71⁄›fi	(≈) -1.28 0.71cos	(≈) 
C2 1.25cos	(≈) 0.15 −1.25sin	(≈) 
C3 −1.25cos	(≈) 0.15 1.25sin	(≈) 
C4 −0.71sin	(≈) 1.28 −0.71cos	(≈) 
C5 1.25cos	(≈) -0.76 −1.25sin	(≈) 
C6 −1.25cos	(≈) -0.76 1.25sin	(≈) 
The resulting z coordinates must conform to (29) and as a result theta can be 
determined through simple algebra and trigonometry with the following result 
0.71 cos(≈) ∗ cos(0) − 1.25 sin(≈) ∗ cos ∏+3∫ + 1.25 sin(≈) ∗ üŸ⁄ ¤2+3 ‹ − 0.71 cos(≈)
∗ üŸ⁄(+) − 1.25 sin(≈) ∗ üŸ⁄ ¤4+3 ‹ + 1.25 sin(≈) ∗ üŸ⁄ ¤5+3 ‹= 0.71 cos(≈) − 0.625 sin(≈) + 0.625 sin(≈) + 0.71 cos(≈)+ 0.625 sin(≈) + 0.625 sin(≈) = 0 
Which reduces to cos(≈) (0.71 + 0.71) + sin(≈) (0.625 + 0.625) = 0 
Solving for theta yields ≈ = arctan(−1.136) = −48.64	X@±B@@⁄ 
When theta is applied to Table 3.5, the new cartesian coordinates in Table 3.6 result. 
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Table 3.6. Cartesian coordinates of y-rotated mean plane. 
Atom Number. Xi Yi Zi 
C1 -0.53 -1.28 0.47 
C2 0.83 0.15 0.94 
C3 -0.83 0.15 -0.94 
C4 0.53 1.28 -0.47 
C5 0.83 -0.76 -0.94 
C6 -0.83 -0.76 0.94 
 
The newly defined coordinates can be expressed as the spherical polar set (Q, θ, 
φ) and q2 and q3 through a series of systems of equations built from (31), (32), and (33) 
that is determined through a coded excel sheet presented in the supporting information. 
For chair cyclohexane, Q = 2.0, q2 = 2.0 q3 = 2.0, θ=0°, and φ=0°. 
The defined coordinate system permits the mapping of a complete set of 
cyclohexane conformations. The conformational mapping technique gives insight into the 
available conformations of complex substituted cyclohexane systems such as (-)-menthol 
that has many different discrete conformations that it is difficult if not impossible to 
isolate experimentally. The mathematical approach allows for the capture of every 
conformation available to cyclohexane. Every conformation provided by the 
conformational mapping is not energetically available and the cyclohexane ring-flip 
proceeds through a discrete ring-flip path that intersects certain (the chair, four-coplanar 
half-chair, θ = 66.6°, φ = 30°, twist-boat, θ = 90°, φ = 30°, and boat, θ = 90°, φ = 0° (Figure 
3.13-Figure 3.14). The conformations provided by the conformational mapping informs 
the modeling of structures used in the computational modeling of the cyclohexane ring-
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flip. With this knowledge, the most energetically favorable ring-flip path of 3.1 and 3.4 
can be determined. 
 
Figure 3.13. Cyclohexane ring-puckering structures for the tropics of Cancer and Capricorn produced 
through conformational mapping technique. 
 
 
Figure 3.14. Cyclohexane ring-puckering structures for the equator. 
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 The figures described above only identifies conformations available to 
cyclohexane. The cyclohexane ring-flip path is complicated and cannot be captured by the 
mathematical description of conformational mapping. As a result, the experimentally 
determined ring-flip path (Figure 3.15) must be examined is the focus of Chapter 3. 
 
Figure 3.15. Cyclohexane ring-flip path superimposed on conformational map. 
 
3.7 Cyclohexane ring-flip 
 
 It is critical to model accurately the cyclohexane ring-flip to determine the most 
appropriate level of theory as compared to experiment.3,4,6 Cyclohexane chair (CR), half-
C C
C C
θ = 0º
θ = 0º
φ = 30º
θ = 113.5º
φ = 30º
θ = 90º
φ = 0º
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chair with four coplanar carbons (HC4C), half-chair with five coplanar carbons (HC5C), 
twist-boat (TB) and boat (BT) conformations were geometry optimized using AM1,36 
PM3, PM6,37 M062X/jul-cc-pvdz, M062X/jul-cc-pvtz, M062X/jul-cc-pvqz,38 MN15/jul-
cc-pvdz, MN15/jul-cc-pvtz,39 MP2/jul-cc-pvdz, MP2/jul-cc-pvtz40,41 levels of theory 
(LOT). The semiempirical (AM1, PM3, PM6)36,37 LOT are fast and require low resources 
despite known problems in accuracy (for more information see Chapter 2). They serve as 
a reasonable starting point for geometry optimizations. The M062X and MN15 are modern 
density functionals and the MP2 method serves as a computational standard. Single point 
energies for each conformation were calculated using the MP2/jul-cc-pvqz//MP2/jul-cc-
pvtz level of theory. IRC calculations for HC4C, HC5C, and BT conformations in both the 
forward and reverse direction were carried out at the M062X/jul-cc-pvdz level of theory. 
The half-chair and boat conformations are transition states and it is important to determine 
if they connect correctly to appropriate ground state stationary points. The changes in 
energies ΔE0 and ΔE298, enthalpies ΔH298, and Gibbs energies ΔG298 were determined 
relative to the cyclohexane ring-flip with referenced experimental changes in enthalpies 
(Table 3.7-Table 3.11). 
 The semiempirical techniques (AM1, PM3, PM6) were found to underestimate 
systematically the energies of all structures relative to the chair conformation and reported 
experimental values by 3.8, 2.8, and 4.3 kcal/mol on average, respectively. The most 
notable inconsistency for the semiempirical techniques is that BT is no longer a transition 
state (Figure 3.16).  
The shape of the semiempirical ring-flip path suggests that both the cyclohexane 
twist-boat and boat conformations are minimum. This suggests that there exists a transition 
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state between these two conformations that is connected to both stationary points. An 
attempt was made to find the transition state between these two structures using the QST2 
and QST342 methods, but no transition structure could be found. As a result, the 
semiempirical techniques are not appropriate for the remainder of this study. 
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Figure 3.16. Potential energy path of the cyclohexane ring-flip. The experimental values are outlined in 
green,3,4,6 semiempirical techniques that do not follow the same trend in black, M062X in blue, MP2 in 
red, and MN15 in purple. 
The density functional theory (DFT) methods used are the more modern M062X 
and MN15 developed by Truhlar. Additionally, the MP2 method was applied as a well 
trusted computational standard when compared to DFT methods. 
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Table 3.7. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of the cyclohexane ring-flip 
relative to the chair conformation experiment. HC and BT are activation energies. 
Conform. ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
Experimental 
CR NA NA NA 0.0±0.0 NA 
HC NA NA NA 10.8±0.1 NA 
TB NA NA NA 5.5±0.05 NA 
BT NA NA NA 7.0±0.5 NA 
 
Table 3.8. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of the cyclohexane ring-flip 
relative to the chair conformation using semiempirical methods. HC and BT are activation energies 
Conform. ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
AM1 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 6.2 5.8 5.6 5.6 5.0 
HC5C 6.4 6.0 5.9 5.9 4.5 
TB 3.2 3.0 3.2 3.2 2.3 
BT 3.5 3.3 3.0 3.0 2.9 
PM3 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 7.0 5.9 5.8 6.3 5.1 
HC5C 7.4 6.1 6.0 6.6 4.5 
TB 4.1 3.6 3.8 4.4 2.8 
BT 4.4 3.8 3.5 4.1 3.3 
PM6 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 6.0 5.5 5.3 5.3 4.7 
HC5C 6.2 5.7 5.5 5.5 4.2 
TB 3.2 2.6 2.2 2.2 2.5 
BT 3.6 3.2 2.9 2.9 2.8 
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Table 3.9. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of the cyclohexane ring-flip 
relative to the chair conformation using M062X methods. HC and BT are activation energies. 
M062X/jul-cc-pvdz 
Conform. ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 10.9 10.8 10.7 10.7 10.1 
HC5C 11.5 11.4 11.3 11.3 9.9 
TB 6.2 6.1 6.2 6.2 5.6 
BT 7.4 7.2 7.0 7.0 6.7 
M062X/jul-cc-pvtz 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 11.0 11.0 10.8 10.8 10.2 
HC5C 11.6 11.6 11.5 11.5 10.2 
TB 6.1 6.1 6.2 6.2 5.6 
BT 7.5 7.4 7.1 7.1 6.9 
M062X/jul-cc-pvqz 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 11.0 11.0 10.8 10.8 10.2 
HC5C 11.7 11.6 11.5 11.5 10.2 
TB 6.1 6.1 6.3 6.3 5.6 
B 7.5 7.3 7.1 7.1 6.9 
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Table 3.10. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of the cyclohexane ring-flip 
relative to the chair conformation using MP2 methods. HC and BT are activation energies. 
Conform. ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MP2/jul-cc-pvdz 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 11.5 11.4 11.2 11.2 10.6 
HC5C 12.1 12.0 11.9 11.9 10.5 
TB 6.1 6.2 6.4 6.4 5.7 
B 7.5 7.6 7.3 7.3 7.1 
MP2/jul-cc-pvtz 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 11.5 11.4 11.2 11.2 10.6 
HC5C 12.2 11.8 11.5 11.5 10.8 
TB 6.2 6.2 6.3 6.3 5.7 
BT 7.7 7.5 7.2 7.2 7.0 
MP2/jul-cc-pvqz//MP2/jul-cc-pvtz 
CR 0.0 NA NA NA NA 
HC4C 11.4 NA NA NA NA 
HC5C 12.0 NA NA NA NA 
TB 6.1 NA NA NA NA 
BT 7.5 NA NA NA NA 
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Table 3.11. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of the cyclohexane ring-flip 
relative to the chair conformation using MN15 methods. HC and BT are activation energies. 
Conform. ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MN15/jul-cc-pvdz 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 10.9 11.0 10.8 10.8 10.2 
HC5C 11.6 11.6 11.4 11.4 10.1 
TB 5.8 5.8 5.9 5.9 5.3 
BT 7.2 7.2 6.9 6.9 6.7 
MN15/jul-cc-pvtz 
CR 0.0 0.0 0.0 0.0 0.0 
HC4C 11.1 11.2 11.0 11.0 10.5 
HC5C 11.8 11.9 11.7 11.7 10.4 
 5.6 5.8 5.9 5.9 5.4 
BT 7.3 7.3 7.1 7.1 6.9 
  
  
Table 3.12. Summary of changes in enthalpies for each method relative to CR compared to experiment.3,4,6 
Conform. Expt AM1 PM3 PM6 M062X/jul-
cc-pvdz 
M062X/jul-cc-
pvtz 
M062X/jul-
cc-pvqz 
MP2/jul-
cc-pvdz 
MP2/jul-
cc-pvtz 
MN15/jul-
cc-pvdz 
MN15/jul-
cc-pvtz 
CR 0.0 ± 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HC4C 10.8 ± 
0.1 
5.6 6.3 5.3 10.7 10.8 10.8 11.2 11.2 10.8 11.0 
HC5C NA 5.9 6.6 5.5 11.3 11.5 11.5 11.9 11.5 11.4 11.7 
TB 5.5 ± 
0.05 
3.2 4.4 2.2 6.2 6.2 6.3 6.4 6.3 5.9 5.9 
BT 7.0 ± 0.5 3.0 4.1 2.9 7.0 7.1 7.1 7.3 7.2 6.9 7.1 
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 The level of theory that is the most accurate compared to experiment is M062X/jul-
cc-pvqz. The M062X/jul-cc-pvdz level of theory yielded results that were within 0.1 
kcal/mol to the M062X/jul-cc-pvtz, and -qz at a fraction of the time cost of the higher levels 
of theory, one day vs. one week of computational time. The MP2 calculations overestimate 
the activation enthalpies by 0.4 kcal/mol HC4C, 0.9 kcal/mol HC5C, 0.9 kcal/mol for TB, 
and 0.3 kcal/mol for BT. All quantum calculations except for the semiempirical techniques 
are within experimental error of 0.1 kcal/mol for HC, 0.05 kcal/mol for TB, 0.5 kcal/mol 
for BT (Figure 3.16). This indicates that the M062X/jul-cc-pvdz is the appropriate level of 
theory moving forward due to the fact that the appropriate error for density functional 
theory is typically within one kcal/mol. This indicates that electron correlation and 
dispersive forces are not dominating the structure or energy of the ring-flip phenomenon. 
 
Figure 3.17. Difference in structure of the half-chair transition structure with four coplanar carbons 
(HC4C) and five coplanar carbons (HC5C). 
The half-chair structure used in the ring-flip calculations contains four coplanar 
carbons (HC4C). This structure is 0.7 kcal/mol lower in energy than the half-chair 
conformation with five coplanar carbons (HC5C) (Figure 3.17). The HC4C activation 
enthalpy of 10.8 kcal/mol shows better agreement with the experimental activation 
enthalpy relative to chair of 10.8 kcal/mol, compared to the HC5C activation enthalpy of 
11.5 kcal/mol. Additionally, IRC calculations show that HC4C connects to the CR on both 
sides while HC5C only connects CR in the forward direction only (Figure 3.18-Figure 
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3.19). IRC calculations are a balance between the step size of the IRC path and forces read 
from the checkpoint files generated during the geometry optimization. If the step size is 
too small, the forces are not strong enough to reach the endpoints. If the step size is too big 
you cannot sample every minimum. The forces in the HC4C case are not strong enough to 
allow for sampling of the twist-boat conformation. 
 
Figure 3.18. Intrinsic reaction coordinate energy path of cyclohexane HC4C. 
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Figure 3.19. Intrinsic reaction coordinate energy path of HC5C. 
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Figure 3.20. Intrinsic reaction coordinate energy path of cyclohexane boat. 
 
Intrinsic reaction coordinate calculations indicate if the transition structure 
calculated connects to the appropriate ground state. In this case it is expected that the boat 
and half-chair structures IRC calculations will confirm that these structures connect to the 
twist-boat, and chair conformations respectively due to the experimental evidence of the 
cyclohexane ring-flip path. 
 Using the geometric differences between HC4C and HC5C where 
ÐC1―C2―C3―C4 is zero for HC4C and both ÐC1―C2―C3―C4 and ÐC2―C3―C4―C5 
are zero (Figure 3.17) IRC calculation of HC4C (Figure 3.18) indicates that the HC4C 
transition structure connects to the chair conformation in both the forward and reverse 
direction. The IRC calculation of HC5C (Figure 3.19) does not connect to a minimum in 
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the reverse direction, while it connects to the chair conformation in the forward direction. 
In the reverse direction the HC5C IRC connects to a pseudoboat conformation. This 
indicates that the HC5C structure does not follow the cyclohexane ring-flip path and is not 
the correct TS due to the fact that it does not connect to a minimum on one side. In a similar 
fashion to the HC4C conformation, the BT transition structure (Figure 3.20) IRC path 
connects to the twist-boat conformation in both the forward and reverse direction. 
Therefore, the appropriate TS for the cyclohexane half-chair is HC4C based on the close 
match (within 0.1 kcal/mol of experimentally determined HC structure) and the connection 
to the CR conformations found by the IRC calculation. 
 From the investigation of the cyclohexane ring-flip path, it is determined that the 
appropriate method for further computations is the M062X method utilizing the Dunning 
basis sets. In addition, the study of the ring-flip path directly informs the investigation of 
the ring-flip path of both 3.1 and 3.4. Additionally, our work on the cyclohexane ring-flip 
puts to rest the boat to twist-boat ring-flip debate. Our IRC calculations indicate that the 
boat transition structure proceeds directly to the twist-boat ground state before proceeding 
through the half-chair transition structure. In this work, we determine that the BT structure 
is a necessary part of the ring-flip path and that this same BT structure connects to the TB 
on either side of the transition state based on an examination of IRC calculations of the HC 
and BT structures. Furthermore, these IRC calculations there is the possibility of 
pseudorotation present due to the direct connect between BT and TB. 
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3.8 Cyclohexane A-values 
 
A-values are numerical values used in the determination of the most stable 
orientation of atoms in a molecule, generally representing steric bulk that is defined as the 
free energy difference between equatorial singly substituted cyclohexanes and axial singly 
substituted cyclohexanes.43 Modeling cyclohexane A-values allows for calibration of  our 
computational methods, as we compare to experimental free energy differences. In 
addition, the calculations give insight into how adding substituents approaches Koga’s 
menthoxy aluminum dichloride catalyst through investigation of the methyl-, isopropyl-, 
menthoxy-, and hydroxyl- functional groups. The substituted cyclohexane A-values gives 
insight into the preferred orientation of cyclohexane and in general represents the steric 
bulk of substituents (Figure 3.21). In addition, it is necessary to probe the solvent effect on 
the cyclohexane substituents through the polarizable continuum model (PCM) using 
carbon disulfide as the choice of solvent. 
 
 
Figure 3.21. Axial and equatorial singly substituted cyclohexanes of a.) methylcyclohexane, b.) 
isopropylcyclohexane, c.) methoxycyclohexane, and d.) cyclohexane. 
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The order of increasing steric bulk based on experimental change in Gibbs free 
energy (ΔG) values is methoxy (0.6 kcal/mol), hydroxyl (0.9 kcal/mol), methyl (1.7 
kcal/mol), and isopropyl (2.2 kcal/mol).7 
Computations follow the experimental trend in A-values of increasing ΔG except 
for methylcyclohexane that is predicted to have a higher A-value than 
isopropylcyclohexane (Table 3.13-Table 3.17). In addition, the computed ΔG values for all 
level of theory significantly underestimate the experimental values as seen in (Figure 3.22-
Figure 3.25) due to either the method of handling the entropic terms, or comparing a single 
computed conformation to the distribution observed experimentally.44 
The change in Gibbs free energy is defined by 
 ∆" = ∆$ − &∆' (37) 
Where ΔH is defined as 
 ∆$ = ∆( + *∆+ (38) 
And TΔS is estimated through spheres of entropy. In (38), ΔE is defined by 
 ∆( = (,-,. + (/01 (39) 
And PΔV is approximated through the ideal gas law. ΔE is calculated directly through the 
computational methods. The change in enthalpy is trusted due to the well-handled ideal gas 
law. The problem arises through the use of crude spheres of entropy. This is not a concern 
for the remainder of this work, as further computed energy differenced compared to 
experiment will be changes in enthalpy (ΔΗ) and gives more confidence based on the 
previously computed values in the cyclohexane ring-flip. 
 
 
124 
Table 3.13. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of cyclohexane A-values in the 
gas phase using semiempirical methods. 
Molecule ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
AM1 
Methylcyclohexane 1.4 1.5 1.5 1.5 1.6 
Isopropylcyclohexane 1.8 2.0 1.9 1.9 1.6 
Methoxycyclohexane 1.5 1.6 1.5 1.5 1.6 
Cyclohexanol 1.3 1.2 1.3 1.3 1.2 
PM3 
Methylcyclohexane 1.1 1.0 1.0 1.0 1.0 
Isopropylcyclohexane 0.9 0.9 0.9 0.9 0.9 
Methoxycyclohexane 1.2 1.3 1.1 1.1 1.7 
Cyclohexanol -1.6 -1.4 -1.5 -1.5 -1.3 
PM6 
Methylcyclohexane 1.4 1.4 1.4 1.4 1.4 
Isopropylcyclohexane 1.1 1.1 1.0 1.0 1.2 
Methoxycyclohexane 2.1 2.1 2.1 2.1 2.1 
Cyclohexanol -1.6 -1.3 -1.4 -1.4 -1.2 
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Table 3.14. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of cyclohexane A-values in the 
gas phase using the M062X/jul-cc-pvdz method. 
Molecule ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
M062X/jul-cc-pvdz 
Methylcyclohexane 1.7 2.0 1.9 1.9 2.1 
Isopropylcyclohexane 1.3 1.7 1.5 1.5 1.7 
Methoxycyclohexane 0.0 0.2 0.1 0.1 0.4 
Cyclohexanol 0.4 0.5 0.4 0.4 0.5 
M062X/jul-cc-pvtz 
Methylcyclohexane 1.7 2.0 1.9 1.9 2.0 
Isopropylcyclohexane 1.3 1.7 1.5 1.5 1.7 
Methoxycyclohexane 0.1 0.2 0.1 0.1 0.4 
Cyclohexanol 0.5 0.5 0.5 0.5 0.6 
 
Table 3.15. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of cyclohexane A-values in the 
gas phase using the MP2 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MP2/jul-cc-pvdz 
Methylcyclohexane 1.9 2.1 2.1 2.1 2.2 
Isopropylcyclohexane 1.2 1.5 1.4 1.4 1.6 
Methoxycyclohexane -0.1 0.0 0.0 0.0 0.2 
Cyclohexanol 0.3 0.4 0.4 0.4 0.5 
MP2/jul-cc-pvtz//MP2/jul-cc-pvdz 
Methylcyclohexane 1.8 NA NA NA NA 
Isopropylcyclohexane 1.1 NA NA NA NA 
Methoxycyclohexane 0.0 NA NA NA NA 
Cyclohexanol 0.5 NA NA NA NA 
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Table 3.16. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of cyclohexane A-values in the 
gas phase using the MN15 method. 
Molecule ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MN15/jul-cc-pvdz 
Methylcyclohexane 1.5 1.8 1.7 1.7 1.9 
Isopropylcyclohexane 0.9 1.3 1.1 1.1 1.4 
Methoxycyclohexane -0.4 -0.1 -0.2 -0.2 0.3 
Cyclohexanol 0.2 0.3 0.3 0.3 0.4 
 
Table 3.17. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of cyclohexane A-values in the 
gas phase experiment. 
Molecule ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
Experiment 
Methylcyclohexane NA NA NA NA 1.7 
Isopropylcyclohexane NA NA NA NA 2.2 
Methoxycyclohexane NA NA NA NA 0.6 
Cyclohexanol NA NA NA NA 0.9 
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Figure 3.22. Cyclohexane A-value of methylcyclohexane compared to experiment.7 
 Investigation of the effect of the implicit solvent carbon disulfide that has a 
dielectric constant of 2.6 on A-values reveals insignificant changes in enthalpy (Table 3.18-
Table 3.21). Carbon disulfide is a widely used solvent and was used as the solvent when 
determining the relative enthalpy of the HC conformations.3 When compared to the 
experimental cyclohexane A-values and the calculated cyclohexane values in the gas 
phase, there is insignificant differences in the change in free energy (Figure 3.26-Figure 
3.29). When comparing energy differences between solvated and nonsolvated A-value 
calculations, the highest energy difference was 0.2 for each compound of interest. This 
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suggests that solvent does not play a role in the conformation of substituted cyclohexanes. 
As a result, solvent effects will not be considered for the remainder of this work. 
 
Table 3.18. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of cyclohexane A-values with 
implicit carbon disulfide solvent using the semiempirical methods. 
Molecule ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
AM1 
Methylcyclohexane 1.4 1.5 1.5 1.5 1.6 
Isopropylcyclohexane 1.9 2.0 1.3 1.3 3.5 
Methoxycyclohexane 1.6 1.6 1.6 1.6 1.6 
Cyclohexanol 1.3 1.3 1.3 1.3 1.2 
PM3 
Methylcyclohexane 1.1 1.1 1.0 1.0 1.0 
Isopropylcyclohexane 0.9 0.9 0.9 0.9 0.9 
Methoxycyclohexane 1.1 1.1 1.3 1.1 1.1 
Cyclohexanol 1.1 1.1 0.8 0.9 0.9 
PM6 
Methylcyclohexane 1.5 1.5 1.4 1.4 1.4 
Isopropylcyclohexane 1.1 1.1 1.2 1.1 1.1 
Methoxycyclohexane 2.1 2.1 2.1 2.1 2.1 
Cyclohexanol -1.5 -1.5 -1.3 -1.4 -1.4 
 
 
 
129 
Table 3.19. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of cyclohexane A-values with 
implicit carbon disulfide solvent using the M062X method. 
Molecule ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
M062X/jul-cc-pvdz 
Methylcyclohexane 1.7 1.7 2.0 1.9 1.9 
Isopropylcyclohexane 1.3 1.3 1.7 1.5 1.5 
Methoxycyclohexane 0.2 0.2 0.4 0.3 0.3 
Cyclohexanol 0.6 0.6 0.6 0.6 0.6 
M062X/jul-cc-pvtz 
Methylcyclohexane 1.7 1.7 2.0 1.9 1.9 
Isopropylcyclohexane 1.3 1.3 1.7 1.5 1.5 
Methoxycyclohexane 0.3 0.3 0.5 0.4 0.4 
Cyclohexanol 0.7 0.7 0.7 0.7 0.7 
 
Table 3.20. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of cyclohexane A-values with 
implicit carbon disulfide solvent using the MP2 method. 
Molecule ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MP2/jul-cc-pvdz 
Methylcyclohexane 1.9 1.9 2.1 2.1 2.1 
Isopropylcyclohexane 1.2 1.2 1.5 1.4 1.4 
Methoxycyclohexane 0.2 0.2 0.3 0.2 0.2 
Cyclohexanol 0.6 0.6 0.6 0.6 0.6 
MP2/jul-cc-pvtz//MP2/jul-cc-pvdz 
Methylcyclohexane 1.8 NA NA NA NA 
Isopropylcyclohexane 1.1 NA NA NA NA 
Methoxycyclohexane 0.3 NA NA NA NA 
Cyclohexanol 0.7 NA NA NA NA 
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Table 3.21. Changes in energies, enthalpies, and Gibbs energies (kcal/mol) of cyclohexane A-values with 
implicit carbon disulfide solvent using the MN15 method. 
Molecule ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MN15/jul-cc-pvdz 
Methylcyclohexane 1.5 1.8 1.8 1.8 1.9 
Isopropylcyclohexane 0.8 1.3 1.1 1.1 1.4 
Methoxycyclohexane -0.2 0.2 0.0 0.0 0.5 
Cyclohexanol 0.4 0.5 0.5 0.5 0.6 
 
 
Figure 3.23. Cyclohexane A-value of isopropylcyclohexane.7 
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Figure 3.24. Cyclohexane A-value of methoxycyclohexane.7 
 
 
Figure 3.25. Cyclohexane A-value of cyclohexanol.7 
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Figure 3.26. Cyclohexane A-value of methylcyclohexane with implicit carbon disulfide solvent.7 
 
Figure 3.27. Cyclohexane A-value of isopropycyclohexane with implicit carbon disulfide solvent.7 
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Figure 3.28. Cyclohexane A-value of methoxycyclohexane with implicit carbon disulfide solvent.7 
 
Figure 3.29. Cyclohexane A-value of cyclohexanol with implicit carbon disulfide.7 
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3.9 Logical determination of l-menthoxy aluminum dichloride conformations 
 (-)-Menthol is the scaffold for l-menthoxy aluminum dichloride and as such, serves 
as a model for the catalyst. As a result, it is critical to model accurately the (-)-menthol 
ring flip in its many conformations in order to determine the appropriate ring-flip path(s). 
The structures of the ring-flip path stationary points provide a route for determining the 
possible conformations available to (-)-menthol and l-menthoxy aluminum dichloride to 
sample through. If the cyclohexane boat conformation is considered and the appropriate 
substituents are applied onto this conformation, the resulting six boat conformations are 
possible for the (-)-menthol ring-flip (Chart 3.8). Furthermore, these boats can be 
separated into three sets of enantiomeric pairs that serve as the center point for three 
distinct ring-flip paths. 
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Chart 3.8. All possible (-)-menthol boat conformations and how they arise from planar (-)-menthol. 
The up boat is defined from the physical up motion of planar (-)-menthol. Similarly, 
the down boat is defined from the physical down motion of planar (-)-menthol. Boat A is 
defined by the motions centered at nuclei one and four, Boat B is defined the motions 
centered at nuclei two and five, and Boat C is defined by the motions centered at nuclei 
three and six. These three enantiomeric pairs allow for the probing of the most 
appropriate (-)-menthol and therefor l-menthoxy aluminum dichloride path for Lewis acid 
catalyst binding to dienophiles in the Diels-Alder reaction through the definition of three 
distinct ring-flip paths, A-C with BT up or down as the center point of each path. 
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The same process can be applied to the half-chair structures that have all 
equatorial and all axial character (Chart 3.9) and twist-boat structures that have all 
equatorial and all axial character (Chart 3.10). Each path (A-C) must connect to the all 
equatorial chair and all axial chair. 
 
 
 
Chart 3.9. All possible (-)-menthol HC conformations. 
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Chart 3.10. All possible (-)-menthol HC conformations. 
 
3.10 (-)-Menthol ring-flip 
 
3.10.1 Path A 
 There are three possible ring-flip paths available to (-)-menthol (Path A-C). Starting 
with path A and following a similar pattern to the well-studied cyclohexane ring-flip, (-)-
menthol proceeds from the all equatorial chair through an equatorial half-chair transition 
structure into an equatorial twist-boat ground state. The ring-flip continues through one 
of two possible boat conformations either up or down before proceeding through the 
axial stationary points (Figure 3.30-Figure 3.31). 
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Figure 3.30. (-)-Menthol path A ring-flip with BtA Up. 
 Unlike the classical cyclohexane ring-flip, addition of substituents to the ring 
destroys the symmetry of the molecule and therefore the symmetry of the ring-flip path. 
As you go from CRE toward CRA, you increase the energy and therefore, each axial 
conformations of the stationary point pairs (TBE-TBA and HCE-HCA) increases in energy and 
therefore, generates asymmetry in the ring-flip path (Table 3.22-Table 3.24). 
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Figure 3.31. (-)-Menthol path A ring-flip with BtA down. 
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Table 3.22. (-)-Menthol path A calculated energies (kcal/mol) using the M062X method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
M062X/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC A 9.9 10.4 9.9 9.9 10.9 
Eq TB A 3.9 4.1 4.0 4.0 4.4 
BT A Up 11.2 11.2 11.0 11.0 11.5 
BT A Down 7.8 8.1 7.6 7.6 9.0 
Ax TB A 4.2 4.3 4.3 4.3 4.6 
Ax HC A 10.8 11.1 10.6 10.6 12.0 
Ax CH 1.5 1.9 1.8 1.8 2.1 
M062X/jul-cc-pvtz//M062X/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC A 10.3 NA NA NA NA 
Eq TB A 4.0 NA NA NA NA 
BT A Up 11.5 NA NA NA NA 
BT A Down 8.0 NA NA NA NA 
Ax TB A 4.2 NA NA NA NA 
Ax HC A 11.2 NA NA NA NA 
Ax CH 1.8 NA NA NA NA 
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Table 3.23. (-)-Menthol path A calculated energies (kcal/mol) using the MP2 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MP2/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC A 9.7 10.1 9.6 9.6 10.5 
Eq TB A 3.8 3.9 3.9 3.9 4.2 
BT A Up 11.1 11.1 10.7 10.7 11.4 
BT A Down 7.3 7.5 7.0 7.0 8.4 
Ax TB A 4.0 4.1 4.1 4.1 4.3 
Ax HC A 10.7 10.9 10.4 10.4 11.8 
Ax CH 1.4 1.8 1.7 1.7 2.0 
MP2/jul-cc-pvtz//MP2/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC A 3.8 NA NA NA NA 
Eq TB A 11.5 NA NA NA NA 
BT A Up 11.1 NA NA NA NA 
BT A Down 7.5 NA NA NA NA 
Ax TB A 4.0 NA NA NA NA 
Ax HC A 10.8 NA NA NA NA 
Ax CH 1.3 NA NA NA NA 
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Table 3.24. (-)-Menthol path A calculated energies (kcal/mol) using the MN15 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MN15/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC A 9.2 9.9 9.4 9.4 10.2 
Eq TB A 2.9 3.3 3.2 3.2 3.5 
BT A Up 11.0 11.2 10.9 10.9 11.4 
BT A Down 7.1 7.5 7.0 7.0 8.3 
Ax TB A 3.3 3.5 3.5 3.5 3.7 
Ax HC A 10.2 10.6 10.1 10.1 11.4 
Ax CH 0.7 1.3 1.2 1.2 1.3 
 
 Due to the two boat structures BTA up and BTA down structures that lead to two 
unique paths (path A up and path A down) it is necessary to determine whether the 
correct path is both paths, the up path, or the down path. In order to determine if BT A 
up or BT A down is appropriate for the ring-flip path; and to confirm that both equatorial 
and axial HC structures connect to the appropriate ground states, IRC calculations were 
performed on these four transition states (Figure 3.32-Figure 3.35). 
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Figure 3.32. Intrinsic reaction coordinate energy path of BtA Up relative to optimized (-)-menthol 
ground state twist-boat and chair. 
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Figure 3.33. Intrinsic reaction coordinate energy path of BtA Down relative to optimized (-)-menthol 
ground state twist-boat and chair. 
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Figure 3.34. Intrinsic reaction coordinate energy path of equatorial HCA. 
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Figure 3.35. Intrinsic reaction coordinate energy path of axial HCA. 
 
The IRC calculations generate a forward and reverse ground state stationary point. 
Standard procedure for confirming the connectivity of transition structures from IRC 
calculations is to geometry optimize the generated ground state stationary points and 
compare if possible to know ground state calculations at the same level of theory. The IRC 
end points for all four IRC paths (BTA up, BTA down, HCE A, and HCA A) were then geometry 
optimized and the structures and energies were compared to the calculated Path A 
ground states to confirm the appropriate connectivity (Table 3.25). 
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Table 3.25. IRC vs. ground state enthalpy differences (kcal/mol) for (-)-menthol path A using M062X/jul-
cc-pvdz. 
Comparison ΔH298 
E HC Reverse vs. E Chair 0.0 
E HC Forward vs. E Twist-boat 0.1 
BT A up Reverse vs. E Twist-boat 3.9 
BT A up Reverse vs. A Twist-boat 3.6 
BT A down Forward vs. E Twist-boat 1.2 
BT A down Forward vs. A Twist-boat 1.0 
BT A down Reverse vs. E Twist-boat 0.2 
BT A down Reverse vs. A Twist-boat 0.3 
A HC Reverse vs. A Twist-Boat 0.9 
A HC Forward vs. A Chair 0.0 
 
It is expected that the HCE structure will connect to the TBE ground structure and 
the all equatorial CR structure. When the geometry optimized IRC ground state stationary 
points are compared to the geometry optimized equatorial CR and TBE energies it is 
revealed that there is a 0.0 and 0.1 kcal/mol difference respectively. For the HCA IRC 
ground state stationary points it is expected that they conform to the TBA and all axial 
chair conformations. There is a 0.9 and 0.0 kcal/mol difference between the IRC geometry 
optimized ground states and the previously calculated structures. These calculations 
indicate that both the equatorial and axial half-chair connect appropriately in both the 
forward and reverse direction. 
The question becomes whether BTA up and BTA down connect to the both TBE and 
TBA. When the geometry optimized ground state stationary points of BTA up where 
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compared to the two TB structures there is an energy difference of 3.9 and 3.6 kcal/mol 
respective to equatorial and axial. This indicates that BTA up does not connect to either 
TB structure and is therefore not appropriate for path A due to the greater than one 
kcal/mol difference between the compared energies (Figure 3.36). Similarly, it is 
determined that Boat A down connects to both the equatorial and axial twist boat 
conformations based on the energy differences of 0.2 and 1.0 kcal/mol energy difference 
with respect to TBE and TBA. 
 
 
 
 
Figure 3.36. Comparison of calculated axial and equatorial twist-boat conformations vs. IRC predicted 
minimum for BTA down. 
 Therefore, the appropriate ring-flip path for Path A travels from all equatorial chair 
through equatorial half-chair, equatorial twist-boat, and boat A down before preceding 
through axial twist-boat, axial half-chair to end at axial chair. 
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3.10.2 Path B 
Path B follows a similar path to Path A where (-)-menthol proceeds from the all 
equatorial CR through an HCE B transition structure to the TBE B ground state. The ring-
flip continues through either one or both of two possible boat conformations either BTB 
up or BTB down before proceeding to the TBA B ground state before connecting to the HCA 
A transition structure to end at the axial CR (Figure 3.37-Figure 3.38). 
 
Figure 3.37. Ring-flip path of (-)-Menthol path B with Bt Up. 
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Figure 3.38. Ring-flip path of (-)-Menthol path B with Bt Down. 
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Table 3.26. (-)-Menthol path B ring-flip calculated energies (kcal/mol) using the M062X method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
M062X/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC A 9.6 9.9 9.5 9.5 10.8 
Eq TB A 5.1 5.4 5.4 5.4 5.7 
BT A Up 5.0 6.2 6.6 6.6 6.3 
BT A Down 5.5 6.7 6.2 6.2 6.1 
Ax TB A 6.0 6.0 6.1 6.1 6.2 
Ax HC A 9.9 9.9 9.5 9.5 10.0 
Ax CH 1.5 1.9 1.8 1.8 2.1 
M062X/jul-cc-pvtz//M062X/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC A 10.0 NA NA NA NA 
Eq TB A 5.1 NA NA NA NA 
BT A Up 5.0 NA NA NA NA 
BT A Down 5.5 NA NA NA NA 
Ax TB A 6.0 NA NA NA NA 
Ax HC A 9.9 NA NA NA NA 
Ax CH 1.8 NA NA NA NA 
 
 
 
152 
Table 3.27. (-)-Menthol path B ring-flip calculated energies (kcal/mol) using the MP2 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MP2/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC A 9.7 9.9 9.4 9.4 10.7 
Eq TB A 4.7 4.9 4.9 4.9 5.3 
BT A Up 4.6 6.1 6.0 6.2 6.2 
BT A Down 5.5 5.7 6.1 6.2 6.2 
Ax TB A 5.8 5.8 5.9 5.9 6.0 
Ax HC A 10.0 10.0 9.6 9.6 10.1 
Ax CH 1.4 1.8 1.7 1.7 2.0 
MP2/jul-cc-pvtz//MP2/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC A 9.8 NA NA NA NA 
Eq TB A 4.9 NA NA NA NA 
BT A Up 4.6 NA NA NA NA 
BT A Down 5.6 NA NA NA NA 
Ax TB A 5.7 NA NA NA NA 
Ax HC A 10.0 NA NA NA NA 
Ax CH 1.3 NA NA NA NA 
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Table 3.28. (-)-Menthol path B ring-flip calculated energies (kcal/mol) using the MN15/jul-cc-pvdz method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MN15/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC A 8.8 9.2 8.8 8.8 9.9 
Eq TB A 4.3 4.6 4.6 4.6 4.8 
BT A Up 5.6 5.7 6.1 6.1 6.0 
BT A Down 5.8 5.9 6.0 6.0 6.1 
Ax TB A 5.7 5.7 5.8 5.8 5.7 
Ax HC A 9.5 9.5 9.2 9.2 9.4 
Ax CH 0.7 1.3 1.2 1.2 1.3 
 
The IRC calculations for BTB up (Figure 3.39) indicates that there is no change in 
the forces that tend toward a transition state. This indicates that BTB up is not the 
appropriate transition state and is therefore not a valid stationary point for the Path B (-
)-menthol ring-flip path. Similarly, the BTB down IRC path also indicates that there is no 
change in the forces that then from a transition state to the ground state (Figure 3.40). 
As a result, neither BTB up or down are valid boat transition structures for the (-)-menthol 
ring-flip path. The (-)-menthol ring-flip path is required to proceed through a boat 
conformation, and as a result, path B is not a valid path. 
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Figure 3.39. IRC energy path of (-)-menthol BTB Up. 
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Figure 3.40. IRC energy path of (-)-menthol BTB Down. 
 
3.10.3 Path C 
 (-)-Menthol ring-flip path C was determined in a similar fashion to paths A (Figure 
3.41-Figure 3.42). It proceeds from all equatorial CR through the HCE C transition 
structure, to the TBE C ground state before proceeding through either one or both BTC up 
or BTC down. The reaction path then proceeds down to TBA C through the HCA C transition 
structure to end at all axial CR. Like Path A, the path C ring-flip path is asymmetric and 
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increases in energy as you move from left to right. The respective energies are reported 
in Table 3.29-Table 3.31.  
 
Figure 3.41. Calculated ring-flip path of (-)-menthol path C with BT up. 
 
 
 
157 
 
Figure 3.42. Calculated ring-flip path of (-)-menthol path C with BT down. 
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Table 3.29. Relative energies of available conformations of (-)-menthol ring-flip path C (kcal/mol) using the 
M062X method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
M062X/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 9.4 9.4 9.0 9.0 9.8 
Eq TB C 4.4 4.6 4.6 4.6 4.8 
BT C Up 6.0 6.2 5.7 5.7 7.3 
BT C Down 8.1 8.1 7.7 7.7 9.1 
Ax TB C 5.1 5.2 5.2 5.2 5.4 
Ax HC C 9.0 9.1 8.6 8.6 9.6 
Ax CH 1.5 1.9 1.8 1.8 2.1 
M062X/jul-cc-pvtz//M062X/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC C 9.6 NA NA NA NA 
Eq TB C 4.4 NA NA NA NA 
BT C Up 6.3 NA NA NA NA 
BT C Down 8.2 NA NA NA NA 
Ax TB C 9.3 NA NA NA NA 
Ax HC C 9.3 NA NA NA NA 
Ax CH 1.8 NA NA NA NA 
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Table 3.30. Relative energies of available conformations of (-)-menthol ring-flip path C (kcal/mol) using the 
MP2 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MP2/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 9.4 9.4 9.0 9.0 9.8 
Eq TB C 3.7 4.0 3.9 3.9 4.3 
BT C Up 5.7 5.9 5.3 5.3 6.9 
BT C Down 8.1 8.3 7.7 7.7 9.3 
Ax TB C 5.1 5.2 5.2 5.2 5.2 
Ax HC C 8.9 9.1 8.6 8.6 9.6 
Ax CH 1.4 1.8 1.7 1.7 2.0 
MP2/jul-cc-pvtz//MP2/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC C 9.5 NA NA NA NA 
Eq TB C 3.8 NA NA NA NA 
BT C Up 5.8 NA NA NA NA 
BT C Down 8.0 NA NA NA NA 
Ax TB C 9.1 NA NA NA NA 
Ax HC C 9.1 NA NA NA NA 
Ax CH 1.3 NA NA NA NA 
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Table 3.31. Relative energies of available conformations of (-)-menthol ring-flip path C (kcal/mol) using the 
MN15 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MN15/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 9.2 9.2 8.9 8.9 9.4 
Eq TB C 3.5 3.9 3.8 3.8 3.9 
BT C Up 5.4 5.7 5.2 5.2 6.6 
BT C Down 7.7 7.9 7.4 7.4 8.8 
Ax TB C 4.1 4.6 4.6 4.6 4.6 
Ax HC C 8.7 8.9 8.4 8.4 9.2 
Ax CH 0.7 1.3 1.2 1.2 1.3 
 
Just as in the path A and path B cases, it is necessary to examine the IRC paths of 
BTC up, BTC down, HCE C, and HCA C. The IRC for HCE C (Figure 3.43)connects to TBE C in 
the forward direction, and equatorial CR in the reverse direction. HCA C connects to TBA C 
in the forward direction and axial CR in the reverse direction (Figure 3.44). 
These results are confirmed through a comparison of the geometry optimized IRC 
stationary end points (Table 3.32) to previously computed geometry optimized 
structures. The HCE endpoints that corresponds to TBE and equatorial CR structure 
indicates a -0.3 kcal/mol difference between the IRC stationary points and calculated 
structures. The HCA endpoints (TBA and axial CR) show a -0.3 and 0.0 kcal/mol difference 
in enthalpy respectively. These enthalpy differences confirm the appropriate connectivity 
of the two HC transition structures. 
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Figure 3.43. IRC path of axial HCc. 
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Figure 3.44. IRC path of equatorial HCc. 
 The question that must be answered is whether the ring-flip path goes through 
BTC up, BTC down, or both. Examination of the IRC of BTC up (Figure 3.45) indicates 
connectivity to both TBE and TBA while examination of the IRC of BTC down (Figure 3.46) 
indicates no changes in the forces that tend toward ground state stationary points. Like 
the two boat IRC calculations in path B, no changes in the forces indicates that BTC down 
is not a true ground state and is therefore, not a valid transition structure for path C. 
 Finally, in order to confirm that BTC up is a true transition structure, the geometry 
optimized ground state stationary points generated by the IRC calculation are compared 
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to previously optimized twist-boat structures at M062X/jul-cc-pvdz. There is a -0.5 and 
0.1 kcal/mol enthalpy difference between the geometry optimized stationary points 
generated by the IRC and TBE and TBA respectively (Table 3.32). This confirms that BTC up 
is the appropriate BT structure for path C. 
 
Figure 3.45. IRC path of BTc up. 
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Figure 3.46. IRC path of BT down. 
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Table 3.32. Relative energy comparison of IRC endpoints and path C ground states using M062X/jul-cc-
pvdz. 
Comparison ΔH298 
E HC Forward vs. E Chair -0.2 
E HC Reverse vs. E Twist-boat -0.3 
BT A up Reverse vs. E Twist-boat -0.5 
BT A up Reverse vs. A Twist-boat -1.2 
BT A up Forward vs. E Twist-boat 0.8 
BT A up Forward vs. A Twist-boat 0.1 
A HC Reverse vs. A Twist-Boat -0.3 
A HC Forward vs. A Chair 0.0 
 
3.11 l-Menthoxy aluminum dichloride ring-flip 
3.11.1 Path A 
The determination menthoxy aluminum dichloride ring-flip path follows directly 
from the (-)-menthol ring-flip path. The replacement of the hydroxy group with the -
OAlCl2 group transforms (-)-menthol into a Lewis acid. Based on the work described above 
for (-)-menthol, there are two possible ring-flip paths available to l menthoxy aluminum 
dichloride (Paths A and B). Starting with path A, ring-flip proceeds from the all equatorial 
chair CRAl through an equatorial half-chair (HCE,Al A) transition state into an equatorial 
twist-boat ground state (TBE,Al A). The ring-flip continues through one of two or both 
possible boat conformations either up (BTA,Al up) or down (BTA,Al down) before proceeding 
through the axial stationary points (TBA,Al, HCA,Al, axial CRAl) (Figure 3.47-Figure 3.48). 
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Figure 3.47. l-Menthoxy aluminum dichloride ring-flip path for BTA up. 
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Figure 3.48. l-Menthoxy aluminum dichloride ring-flip path for BTA down. 
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Table 3.33. Relative energies of available conformations of l-menthoxy aluminum dichloride ring-flip path 
A (kcal/mol) using the M062X method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
M062X/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 12.6 12.9 12.6 12.6 12.1 
Eq TB C 5.0 5.0 5.0 5.0 4.7 
BT C Up 12.1 11.9 11.8 11.8 12.1 
BT C Down 10.3 10.4 10.1 10.1 10.2 
Ax TB C 5.5 5.5 5.5 5.5 5.4 
Ax HC C 13.5 13.5 13.1 13.1 13.9 
Ax CH 2.4 2.8 2.7 2.7 2.8 
M062X/jul-cc-pvtz//M062X/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC C 12.6 NA NA NA NA 
Eq TB C 5.4 NA NA NA NA 
BT C Up 12.2 NA NA NA NA 
BT C Down 10.3 NA NA NA NA 
Ax TB C 4.9 NA NA NA NA 
Ax HC C 12.9 NA NA NA NA 
Ax CH 2.2 NA NA NA NA 
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Table 3.34. Relative energies of available conformations of l-menthoxy aluminum dichloride ring-flip path 
A (kcal/mol) using the MP2 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MP2/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 11.0 11.3 11.0 11.0 10.1 
Eq TB C 5.2 5.1 5.2 5.2 4.3 
BT C Up 11.9 11.8 11.6 11.6 11.6 
BT C Down 8.9 8.9 8.6 8.6 8.7 
Ax TB C 4.5 4.6 4.6 4.6 4.4 
Ax HC C 13.3 13.4 13.0 13.0 13.8 
Ax CH 2.4 2.7 2.7 2.7 2.5 
MP2/jul-cc-pvtz//MP2/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC C 11.5 NA NA NA NA 
Eq TB C 5.4 NA NA NA NA 
BT C Up 12.3 NA NA NA NA 
BT C Down 9.2 NA NA NA NA 
Ax TB C 4.6 NA NA NA NA 
Ax HC C 13.0 NA NA NA NA 
Ax CH 2.1 NA NA NA NA 
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Table 3.35. Relative energies of available conformations of l-menthoxy aluminum dichloride ring-flip path 
A (kcal/mol) using the MP2 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MN15/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 12.0 12.3 12.0 12.0 12.0 
Eq TB C 5.2 5.3 5.3 5.3 5.1 
BT C Up 12.1 12.0 11.8 11.8 12.3 
BT C Down 11.4 11.5 11.2 11.2 11.2 
Ax TB C 4.9 5.0 5.0 5.0 4.9 
Ax HC C 12.8 13.1 12.7 12.7 13.7 
Ax CH 1.9 2.4 2.3 2.3 2.4 
 
As in the (-)-menthol case, it is required to confirm that the transition structures 
(HCE,Al, HCA,Al, BTA,Al up, BTA,Al down) connect appropriately to the ring-flip path. The IRC 
calculation indicates that the HCE,Al transition structure connects to equatorial CRAl and 
TBE,Al (Figure 3.49) Similarly, the IRC path for HCA,Al connects to axial CRAl in the forward 
direction and TBA,Al in the reverse direction (Figure 3.50).  
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Figure 3.49. IRC reaction path of axial HCA. 
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Figure 3.50. IRC reaction path of equatorial HCA. 
In order to confirm that the indicated TB ground state stationary points connect 
appropriately, they were geometry optimized at M062X/jul-cc-pvdz and compared to the 
previously optimized structures (Table 3.36). The compared changes in enthalpies for the 
HCE,Al IRC path indicate a 0.0 and 0.6 kcal/mol difference for equatorial CR and TBE 
respectively. The compared enthalpies for HCA,Al indicate a 0.1 and 0.7 kcal/mol difference 
for axial CR and TBA respectively. These changes in enthalpy indicate that HCE and HCA 
connect appropriately. In order to determine if BT A up or BT A down is appropriate for 
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the ring-flip path; and to confirm that both equatorial and axial HC structures connect to 
the appropriate ground states. 
Table 3.36. IRC vs. ground state enthalpy difference (kcal/mol) using M062X/jul-cc-pvdz. 
Comparison ΔH298 
E HC Reverse vs. E Chair 0.0 
E HC Forward vs. E Twist-boat 0.6 
BT A up Reverse vs. E Twist-boat 2.7 
BT A up Reverse vs. A Twist-boat 3.9 
BT A up Forward vs. E Twist-boat 5.5 
BT A up Forward vs. A Twist-boat 4.5 
BT A down Reverse vs. E Twist-boat 1.3 
BT A down Forward vs. A Twist-boat 1.9 
A HC Reverse vs. A Twist-Boat 0.7 
A HC Forward vs. A Chair 0.1 
 
In order to determine if BTA up or BTA down or both connects to the l-menthoxy 
aluminum dichloride ring-flip path A, IRC calculations for both BT structures are 
examined. The IRC path for BTA up (Figure 3.51) indicates that BTA connects to two 
pseudo-twist boat conformations that do not connect to the known TB structures (Figure 
3.52). These two structures lie 2.7 and 4.5 kcal/mol above the known TBE and TBA known 
structures (Table 3.36). 
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Figure 3.51. IRC reaction path of BTA up. 
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Figure 3.52. Comparison of calculated axial and equatorial twist-boat conformations vs. IRC predicted 
minimum for BTA down. 
 
The IRC path for BTA down shows connectivity to both the TBE and TBA 
conformations respectively (Figure 3.53). In order to confirm the connectivity, the ground 
state stationary points generated by the IRC calculation were geometry optimized and 
the enthalpies were compared to the previously computed structures. The compared 
enthalpies for BTA down show a 1.3 and 1.9 TBE to TBA change in enthalpy respectively. 
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This indicates that BTA down connects to the l-menthoxy aluminum dichloride ring-flip 
path (Table 3.36). 
 
Figure 3.53. IRC reaction path of BTA down. 
 
3.11.2 Path B 
The l-menthoxy ring-flip path B was determined in a similar fashion to path A. The 
path B ring-flip path proceeds through either one of or both BTB up (Figure 3.54) and BTB 
down (Figure 3.55) structures. 
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Figure 3.54. l-Menthoxy aluminum dichloride path B ring-flip with BTB up. 
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Figure 3.55. l-Menthoxy aluminum dichloride path B ring-flip with BT down. 
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Table 3.37. Relative energies of available conformations of l-menthoxy aluminum dichloride ring-flip path 
B (kcal/mol) using the M062X method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
M062X/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 10.3 10.2 9.9 9.9 10.1 
Eq TB C 6.7 6.8 6.9 6.9 5.9 
BT C Up 8.5 8.5 8.2 8.2 8.1 
BT C Down 7.8 7.9 7.4 7.4 9.0 
Ax TB C 6.8 6.9 6.9 6.9 6.7 
Ax HC C 11.0 10.8 10.5 10.5 10.6 
Ax CH 2.4 2.8 2.7 2.7 2.8 
M062X/jul-cc-pvtz//M062X/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC C 10.4 NA NA NA NA 
Eq TB C 6.3 NA NA NA NA 
BT C Up 8.4 NA NA NA NA 
BT C Down 7.7 NA NA NA NA 
Ax TB C 6.4 NA NA NA NA 
Ax HC C 11.1 NA NA NA NA 
Ax CH 2.2 NA NA NA NA 
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Table 3.38. Relative energies of available conformations of l-menthoxy aluminum dichloride ring-flip path 
B (kcal/mol) using the MP2 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MP2/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 10.0 10.0 9.7 9.7 9.9 
Eq TB C 5.0 5.2 5.3 5.3 4.4 
BT C Up 6.6 6.7 6.3 6.3 6.6 
BT C Down 8.0 8.2 7.6 7.6 9.4 
Ax TB C 6.9 7.0 7.0 7.0 6.7 
Ax HC C 10.4 10.4 10.1 10.1 101 
Ax CH 2.4 2.7 2.7 2.7 2.5 
MP2/jul-cc-pvtz//MP2/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC C 10.1 NA NA NA NA 
Eq TB C 5.2 NA NA NA NA 
BT C Up 6.9 NA NA NA NA 
BT C Down 7.7 NA NA NA NA 
Ax TB C 6.6 NA NA NA NA 
Ax HC C 10.9 NA NA NA NA 
Ax CH 2.1 NA NA NA NA 
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Table 3.39. Relative energies of available conformations of l-menthoxy aluminum dichloride ring-flip path 
B (kcal/mol) using the MN15 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MN15/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 11.0 10.9 10.6 10.6 10.8 
Eq TB C 7.7 8.0 8.1 8.1 6.9 
BT C Up 9.2 9..2 8.9 8.9 9.5 
BT C Down 7.3 7.6 7.0 7.0 8.5 
Ax TB C 6.2 6.4 6.4 6.4 6.3 
Ax HC C 11.6 11.5 11.2 11.2 11.5 
Ax CH 1.9 2.4 2.3 2.3 2.4 
 
In order to confirm the transition structure connectivity of path B, IRC calculations 
were performed on HCE, HCA, BTB up, and BTB down. The HCE IRC end points indicate that 
HCE connects to the TBE and equatorial chair (Figure 3.56). This is confirmed through 
comparison of the enthalpies of the geometry optimized ground state stationary points 
and the previously calculated TB and CR structures. Comparison of enthalpies indicate a -
0.5 and -0.6 kcal/mol difference for TBE and equatorial CR respectively (Table 3.40). 
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Figure 3.56. IRC reaction path of HCE. 
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Table 3.40. Relative energy comparison of IRC endpoints and path B ground states using M062X/jul-cc-
pvdz. 
Comparison ΔH298 
E HC Forward vs. E Chair -0.6 
E HC Reverse vs. E Twist-boat -0.5 
BT A up Reverse vs. E Twist-boat 1.0 
BT A up Reverse vs. A Twist-boat -1.2 
BT A up Forward vs. E Twist-boat 8.1 
BT A up Forward vs. A Twist-boat 0.2 
BT A down Reverse vs. E Twist-boat 0.3 
BT A down Reverse vs. A Twist-boat 4.4 
A HC Reverse vs. A Twist-Boat -0.6 
A HC Forward vs. A Chair 0.5 
 
The IRC path of HCA indicates connectivity to axial CR and TBA (Figure 3.57). The 
geometry optimized ground state stationary points generated by the IRC calculation when 
compared to previously calculated TB and axial CR structures show a -0.6 and 0.5 kcal/mol 
enthalpy difference respectively (Table 3.40). This indicates that HCA connects 
appropriately to path B.  
 
 
184 
 
Figure 3.57. IRC reaction path of axial HCB. 
 
In order to determine if BTB up or BTB down is appropriate for the ring-flip path; 
and to determine whether up or down or both connect to the appropriate ground states, 
IRC calculations were performed on these two transition states. The BTB up IRC calculation 
indicates connectivity to both TBE and TBA (Figure 3.58). This connectivity is further 
confirmed through comparison of the geometry optimized ground state stationary points 
generated by the IRC calculation to previously calculated TB structures. Comparison of 
these enthalpies show a 1.0 and 0.2 kcal/mol difference for TBE and TBA respectively 
(Table 3.40). 
 
 
185 
 
Figure 3.58. IRC reaction path of BTB up. 
The IRC calculation of BTB down indicates no change in the forces that tend toward 
ground state stationary points. As a result, BTB down is not appropriate for the l-menthoxy 
aluminum dichloride ring-flip path (Figure 3.59). As a result, the l-menthoxy aluminum 
dichloride ring-flip path proceeds through the up BT conformation. 
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Figure 3.59. IRC reaction path of BTB down. 
3.12 Summary 
We have determined that M062X/jul-cc-pvdz is an appropriate level of theory to 
describe the structures and relative energies of the well-studied cyclohexane ring-flip. 
Additionally, the examination of the cyclohexane ring-flip revealed clarity in the question 
of the appropriate cyclohexane half-chair conformation. We reveal the four coplanar 
carbon is the appropriate conformation and appropriately connects to the cyclohexane 
ring-flip path. Furthermore, we reveal through IRC calculations of the HC4C and BT 
structures that the ring-flip path proceeds from HC to TB to BT without any 
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pseudorotation. This puts to rest the debate about which TS path the cyclohexane ring-
flip path takes, either through a BT or bypassing the boat through a pseudorotation 
motion of the TB structures. 
Equipped with a trusted quantum mechanical approach, the structures and 
energies of the three possible chair-to-chair ring interconversions of (-)-menthol, 3.4, and 
3.1 have been determined through a combination of geometry optimization and intrinsic 
reaction coordinate (IRC) calculations. The ring-flip path of 3.1 and 3.4 indicates that there 
are two distinct ring-flip paths available. The third ring-flip path is not viable due to 
improper BT transition structures that do not connect to the ring-flip path. This is shown 
through IRC calculations that indicate a lack in the change in forces necessary to have a 
valid TS. 
The conformational mapping technique was used to deliver insight into the 
available conformations of the complex (-)-menthol system that has many different 
discrete conformations that it is difficult if not impossible to isolate experimentally. While 
the project does not immediately address conformational and blocking assumptions 
made by Koga and coworkers with the dienophile bound two significant conclusions are 
derived that impact the assumptions concerning the enantiodifferentiated environment. 
First, our calculations show that the expected all-equatorial chair conformation of 3.1 and 
3.4 is preferred and that the interconversion to other low energy twist boat minima is 
prevented by the large energetic barrier presented by the half chair transition state. 
Second in the same spirit has described by Koga, the isopropyl group serves as a blocking 
face for the eventual binding of the dienophile (not the diene trajectory at this stage), 
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which impacts the hydrogen bonding and nonbond interactions in complex formation. 
The details and relation to the stereochemical consequences of the Diels-Alder reaction 
are further examined and reported in Chapter 5. Our first effort was successful in defining 
the structural and energetic behavior of l-menthoxy aluminum dichloride so that a 
reference point is established to address the details and relation to the stereochemical 
consequences of the Diels-Alder reaction of interest in this dissertation. 
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Chapter 4 
Underlying forces of the formyl-hydrogen bond  
4.1 Motivation 
Corey and Rohde reported a crystallographic study of N,N-dimethylformamide 
(DMF) with BX3, where X = F, Cl, Br, and I.1,2 The crystal structures were found to have 
an unusual conformation resulting from a unique nonbond interaction that was ultimately 
named the “formyl hydrogen bond.”3 The formyl hydrogen bond has been implicated as a 
critical organizing element in asymmetric Lewis acid catalysis for the aldol,4 allylation,5 
ene,6 and Diels-Alder reactions.7,8 Corey and Rohde’s ground breaking work inspired 
Goodman to investigate Lewis acid complexes using computational methods, specifically 
the formyl hydrogen bond, and concluded that both hydrogen bonding and anomeric effects 
are important in determining the preferred conformations.2 However, Corey and Rohde 
were unable to support the anomeric effect from their crystallographic work. Despite 
extensive computational efforts and experimental evidence of stereochemical control, the 
origin of the formyl hydrogen bond remains controversial and a meaningful scientific 
challenge. One significant factor consistently overlooked is that computations assume that 
the gas phase mechanism of Lewis adduct formation is unchanged from the condensed 
solid phase reported by crystallography. Consequently, a critical assessment of Corey and 
Rohde’s DMF•BF3 crystallographic structure was made to understand what influence the 
condensed solid phase has upon the formyl hydrogen bond. From the lessons learned, the 
influence of solvent clusters upon the structure and energy of the formyl hydrogen bond 
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was evaluated and found to be critical in  establishing a physical understanding of the 
formyl hydrogen bond with the ultimate goal of developing a more complete rationale of 
its contribution in the stereoselective control of asymmetric organic chemistry. 
4.2 Overview 
The structure of this Chapter divides the content into five major sections 
emphasizing background, research design, characterization of the gas-phase formyl 
hydrogen bond structure and energy, and identification and application of crystal packing 
forces in the condensed liquid phase of the formyl hydrogen bond. The discussion begins 
with a concise background review of Corey and Rohde’s formulation of the formyl 
hydrogen bond (Section 4.3), and Goodman’s computational work investigating the 
balance between the anomeric effect and hydrogen bonding (Section 4.4). Building upon 
the known experimental and computational work, we next describe our research design 
(Section 4.5). We start by describing our crystallographic work in reproducing the Corey-
Rohde crystal structure of DMF•BF3 to supplement crucial geometric information missing 
from the literature (Section 4.6). Second, an appropriate level of theory consisting of a 
quantum method and basis set is identified to reproduce the reported crystallographic 
structures by Corey and Rohde. The formyl hydrogen bond is modeled using high 
performance supercomputing to interrogate the structure and energy of the formyl 
hydrogen bond in the three model systems of DMF complexed with BF3 (Section 4.7), 
BCl3 (Section 4.8), and BF2OMe (Section 4.9). We reveal a new energetic and structural 
understanding of the gas phase formyl hydrogen bond using modern and higher levels of 
theory. Due to the practical application in synthetic methods, we probe the DMF•BF2OMe 
system to investigate the role of the Lewis acid substituent on the formation of the formyl 
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hydrogen bond (Section 4.9). Finally, differences between gas phase computations and the 
condensed solid state are considered. We extend our investigation beyond the gas phase to 
examine the DMF-BF3 crystallographic structure by Corey and Rohde (Section 4.10).1,2,9,10 
We discover that crystal packing forces found in Corey and Rohde’s DMF-BF3 crystal 
structure are significant in sculpting the eclipsing conformation of the formyl hydrogen 
bond. Two significant crystal packing interactions are identified, which we name as the 
“halide cages” and “electrostatic gap” that determine the observed DMF•BF3 formyl 
hydrogen bond conformation. These interactions immediately motivated our work to 
explore solvation effects (Section 4.11). We find essential solvent interactions, as guided 
by newly identified crystal packing forces, that induce polarization of the Lewis acid 
adduct and stabilize the formyl hydrogen bond in the solution phase, where organic 
reactions are carried out. 
4.3 Corey and Rohde crystal structures 
As described in Chapter 1, the current rationale to explain the observed 
stereoselectivity of Koga’s Diels-Alder reaction between 2-methacrolein and 1,3-
cyclopentadiene11 centers around the formyl hydrogen bond proposed by Corey and 
Rohde.1,2,7 The idea of the formyl hydrogen bond was created from a series of crystal 
structures reported by Corey and Rohde (Figure 4.1).1,2,12  
Rohde crystalized four compounds that follow the scheme DMF•BX3, where X=F, 
Cl, Br, and I.1 The R values for these four compounds are 4.7%, 3.2%, 4.8%, and 4.8%, 
respectively. All of the crystallographic structures were solved at sufficiently high 
resolution to determine the formyl hydrogen bond except for the DMF•BI3 compound, 
where the aldehydic hydrogen was calculated through a computational model. Rohde 
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initially chose this series of compounds due to the increase in steric congestion about the 
boron. 
 
  
  
Figure 4.60. X-ray crystal structures of DMF•BX3, X=F, Cl, Br, and I (percent error, ÐC1=O–B–X 
dihedral angle in degrees)1 
In his study, Rohde observed a preferred eclipsing conformation between the formyl 
hydrogen and a Lewis acid halogen (four atoms define the angle between two planes 
ÐC1=O2---B3X4 when the angle is between the planes defined as 123 and 234). The 
eclipsing was found to decrease as the size of the halogen increases from F (6.5°) to I 
(57.5°). The ideal dihedral angle for a purely eclipsed ÐHC=O---X is 0°, whereas an ideal 
staggered conformation is ± 60°. Consequently, the structures span across a full range of 
conformations from nearly eclipsed with BF3 (6.5°), intermediate between staggered and 
eclipsed with BCl3 (37.5°) and BBr3 (36.8°), to staggered with BI3 (57.5°). This observation 
4.7%, 6.5° 3.2%, 37.5° 
4.8%, 36.8° 4.8%, 57.5° 
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is consistent with the preferred eclipsing conformation becoming less accessible with the 
increasing steric demand of the boron substituents. 
Rohde sought evidence of anomeric stabilization in the eclipsing complex of 
DMF•BF3 through comparison of the three different B―F bond lengths within DMF•BF3, 
4.1. The idea being that if anomeric stabilization was a significant factor, then the B―F2 
bond length of 1.337 Å that is eclipsed should be longer than either the B―F1 of 1.350 Å 
and B―F3 of 1.328 Å, as expected for a weakening of B―F2 σ bond on donation of the 
uncomplexed lone pair in the B―F2 σ*. However, examination of the B―F bond lengths 
gave no indication of anomeric stabilization. The lack of anomeric stabilization indicates 
that there is an electrostatic buildup of charge that is responsible for the eclipsed 
conformation that Corey and Rohde named the formyl hydrogen bond. 
 
Corey and Rohde reported other crystal structures with an eclipsing conformation 
between the B–F and formyl hydrogen bond involving 2,3-
methylenedioxybenzaldhyde•BF31  (Figure 4.2), benzaldehyde•BF31 and 2-
methacrolein•BF313 (Figure 4.3). These studies show the same preference for the eclipsed 
conformation as the DMF•BF3 crystal structure studies. This indicates that the formyl 
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hydrogen bond can form in other systems. Specifically, the crystal structure of the 2-
methacrolein•BF3 structure is a more similar model to Koga’s reaction of 2-methacrolein 
and cyclopentadiene than the DMF•BF3 system and shows the viability of nontraditional 
hydrogen bonding in Koga’s Diels-Alder reaction. 
 
Figure 4.2. X-ray crystal structure of 2,3-methylenedioxybenzaldehyde•BF3 recreated from Rohde.1 
However, despite the computational and crystallographic evidence that shows the 
observed eclipsing, there is a lack of agreement in the field concerning the origin of this 
conformation.2,14 It is of interest to determine if the origin of this conformation is due to 
anomeric stabilization or classical electrostatic buildup of charge. 
 
Figure 4.3. X-ray crystal structures of benzaldehyde•BF3 and methacrolein•BF3 recreated from Rohde.1,2 
(references) 
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4.4 Computational evidence of the formyl hydrogen bond 
The computational and spectroscopic, and X-ray crystal structures (Figure 4.4) 
suggests that the preferred complexation of boron Lewis acids to aldehydes occurs when 
one of the boron-substituent bonds eclipses the formyl C–H bond when all substituents are 
the same.  
  
Figure 4.4 Computational studies of benzaldehyde•BF3 and acetaldehyde•BF3 at B3LYP/3-21G. 
The computational studies of benzaldehyde•BF3 and acetaldehyde•BF3 show that the 
eclipsed conformation is favored by 3.29 kcal/mol and 0.66 kcal/mol, respectively, at the 
B3LYP/3-21G level of theory.13,15,16 
The literature is divided into two prevailing theories to explain the origin of the 
observed eclipsing conformations from computations and crystal structures. The first 
theory suggests that the eclipsing conformation is attributed to the generalized anomeric 
effect between the uncomplexed oxygen lone pair and the σ* orbital of the eclipsing boron-
fluorine bond (Figure 4.5). The anomeric effect hypothesis was explored by Goodman in a 
conformational study of H2FB•O=CHCH3 that depicts an energy difference between three 
possible conformations, syn (eclipsed), gauche, and anti (staggered) (Figure 4.5).16 
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Figure 4.5 Computational studies of H2FB•OCH3 B3LYP/3-21G.16 
Computationally, the anomeric stabilization in Figure 4.5 is supported by the 
observation that the eclipsed interaction occurs with the fluorine rather than with the 
hydrogens bound to the boron.16 Additionally, the computed structures show a shorter B–
O complex bond length (1.35 Å), and a longer B–F bond length (1.59 Å) in the lowest 
energy conformation that indicates a more double bond like, stiffening of the B–O complex 
bond that is characteristic of the anomeric effect.17 
In another key paper by Goodman,18 the BINOL-derived phosphoric acids catalyze 
the asymmetric allyboration of aldehydes. Therein, Goodman utilized DFT at the 
B3LYP/6-31+G* level of theory to examine the transition states that reveal a hydrogen-
bonding interaction from the catalyst hydroxyl group to the pseudoaxial oxygen of the 
cyclic boronate (Figure 4.6).  
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Figure 4.6. BINOL transition state with phosphoric acid utilizing the formyl hydrogen bond to control the 
stereoselectivity of asymmetric allyboration of aldehydes proposed by Goodman.18 
Goodman claimed that this interaction lowers the energy of the transition structure and 
provides extra rigidity to control the stereoselectivity.18 The proposed structure of the 
BINOL transition state computed by Goodman utilizes a formyl hydrogen bond between 
the carbonyl oxygen on the phosphoric acid and the formyl hydrogen that adds stability to 
the transition state. 
In a third key paper, Goodman systematically probed the origin of the formyl 
hydrogen bond through a systematic ab initio investigation of complexes that do not 
contain the formyl hydrogen bond but maintain the anomeric effect (Figure 4.7).16 
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Figure 4.7. Complexes analyzed for the anomeric effect in the potential origin of the formyl hydrogen 
bond examined by Goodman.16 
 Goodman reports the barrier to rotation about the O–B bond in kJ/mol at the MP2/6-
31G**//3-21G and RHF/3-21G levels of theory in an effort to gain insight into the 
“stiffness” of the barrier to rotation. It was assumed that the higher the energy barrier, the 
more double bond character the bond has, and as a result, the higher the anomeric effect. 
Goodman found that the highest rotational barrier was 15 kJ/mol for 4.1, but that the steric 
effects between the formyl hydrogen and the Lewis acid are likely to be small due to the 
size of the fluorine substituents compared to the formyl hydrogen. As a result, it is a 
combination of the formyl hydrogen bond strength and the anomeric effect. The energy 
barrier for 4.2 was 1.4 kJ/mol and showed only weak association with the Lewis acid. 
Complex 4.3 shows a much stronger complexation and shows a rotational barrier of 6 
kJ/mol, which is the typical magnitude of the anomeric effect.19 Goodman concludes that 
the anomeric effect for eclipsing geometries contributes 1.43 kcal/mol (ca. 40%) and that 
the formyl hydrogen bonding energy contributes 2.15 kcal/mol (60%). Due to the small 
difference (0.72 kcal/mol), both hydrogen bonding and anomeric effects are important in 
determining the preferred conformations of Lewis acid complexes.16 
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4.5 Research design 
 To clarify the stereoelectronic influence of the formyl hydrogen bond, the research 
strategy is divided into a four-step approach. First, the Corey-Rohde crystal structure of 
DMF•BF3 was crystallized and the structure was solved to supplement the existing data in 
the literature by Corey and Rohde.1,2. Second, an appropriate level of theory (in the gas 
phase) consisting of a quantum theory and basis set was implemented to characterize the 
structure and energy of the formyl hydrogen bond. Computational power has dramatically 
increased over the last twenty years, where models of the formyl bond can now be 
evaluated with greater accuracy and confidence since the initial reports. Past experience 
with computations on many organic systems reveal a convergent behavior,20 where the 
structure and energy are predictable with increasing sophistication of the chemical method 
and increasing description of the basis set, as described by the Pople diagram.20 We 
systematically apply different levels of theory ranging from semiempirical molecular 
orbital methods to modern density functionals to second-order Møller-Plesset theory with 
a range of Pople and Dunning basis sets to interrogate the structure and energy of formyl 
hydrogen bond in three model systems of DMF complexed with BF3, BCl3, and BF2OMe. 
The previous ideas of the gas phase formyl hydrogen bond are found to be different than 
previously thought at low levels of computation. In our final effort of this chapter, we 
extend our investigation beyond the gas phase to examine the DMF•BF3 crystallographic 
structure by Corey and Rohde.1,2,9,10 In the third phase, we discover and name the “halide 
cage” and “electrostatic gap” as critical elements of the DMF•BF3 crystal structure that 
effectively induce and stabilize the eclipsing conformation of the formyl hydrogen bond. 
We find that these crystal packing forces can induce the formyl hydrogen bond through 
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simplified DMF•BF3 dimer and trimer models. In the final phase of research, we probe the 
polarizing effect of the halide cages and electrostatic gap in the solution phase through the 
application of explicit solvent molecules. The explicit solvent interactions mimic the 
crystal packing forces and induce the formyl hydrogen bond by polarizing either the 
aldehyde proton or the halogens of the Lewis acid in the solution phase.  
4.6 Crystallographic studies 
 During this work, it was discovered that the coordinates to the Corey-Rohde crystal 
structure of DMF•BF3 were not uploaded to the Cambridge Crystallographic Data 
Center.21 As a result, geometric information from this crystal structure could not be found 
in the literature. Consequently, we have replicated the crystal structure using the procedure 
outlined by Rohde in his dissertation.1 
 The R value of the structure of DMF•BF3 (Figure 4.8) is 7.5% compared to 4.7% 
found by Rohde. In addition, Rohde was able to detect the formyl hydrogen, but in this 
work, the formyl hydrogen was calculated. The typical publication error limit is 5%, so 
further work needs to be carried out in the future.  
 
Figure 4.8. X-ray crystal structure DMF•BF3. 
2.32 
Å 
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Despite an increase in error, our crystal structure shows agreement with the previously 
determined crystal structure by Rohde. Most importantly, it shows the characteristic 
eclipsing of the formyl hydrogen and the B–F bond with a bond length of 2.32 Å and C=O–
B–F dihedral angle of 8.2°. 
Determination of the DMF•BF3 crystal structure allowed us to view the entire 
crystal structure to study and critique all nonbond interactions in the unit cell. The 
dimensions of the unit cell are given by the lattice parameters of 7.1029 Å ´ 10.0346 Å ´ 
17.512 Å with a = b = g = 90 degrees. The symmetry of the unit cell is Pbca. There are 
128 atoms in the unit cell. The unit cell was expanded to include ten additional DMF•BF3 
molecules in order to examine key crystal packing forces as shown in Figures 4.9-Figure 
4.11 in three orthogonal views. 
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Figure 4.9. Crystal structure of DMF•BF3 side view with outlined formyl hydrogen bond (red), electrostatic 
gap (blue), and halide cage (green). 
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Figure 4.10. Crystal structure of DMF•BF3 side view with outlined formyl hydrogen bond (red), electrostatic 
gap (blue), and halide cage (green). 
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Figure 4.11. Crystal structure of DMF•BF3 top view with outlined formyl hydrogen bond (red), electrostatic 
gap (blue), and halide cage (green).  
 
We sought to identify interactions that would facilitate the eclipsing interaction of 
the formyl hydrogen bond. Specifically, we examined interactions that would polarize 
either the formyl proton or the fluorine substituents of the Lewis acid adduct. Critical 
examination of the nonbond interactions first revealed a two-point electrostatic gap defined 
by two Lewis acid (BF3) groups strategically placed on either side of the plane defined by 
the formyl group (2.69 and 2.53 Å) and nearly co-linear with the formyl proton at 152°, as 
shown in Figure 4.12. 
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Figure 4.12. Schematic representation of the tandem co-linear electronic gap taken from the x-ray 
crystallographic structure of DMF•BF3. 
The Lewis acid (BF3) groups have B–F----H–C=O distances of 2.69 and 2.53, which are 
consistent with the idealized van der Waal sum of 2.67 Å (H =1.2 Å, F = 1.47 Å)22 in 
defining the two-point electronic gap for the aldehyde proton. We suspect that due to the 
high electronegativity of the fluorine substituents, the aldehyde proton becomes further 
polarized from both BF3 groups inducing a partial positive charge. An enhanced positive 
charge should interact with the partial negative charge of the eclipsing fluoro group and 
stabilize the eclipsed conformation. 
In the second crystal packing interaction identified, we first noticed the expected 
and strong delocalization of the amide group when coordinated as the Lewis acid adduct. 
Using the crystallographic coordinates, as shown in Figure 4.11, we find significant 
geometric distortions in the lengthening of C=O to 1.27 Å (expected 1.21 Å) and of OC–
N to 1.45 Å (expected 1.35 Å), and shortening of  C–H to 0.96 Å (expected 1.10 Å) when 
compared to computed DMF structure at M062X/jul-cc-pvqz and MP2/jul-cc-pvqz. 
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Figure 4.13. NMA bond lengths from the crystallographic structure of DMF•BF3. 
The delocalization of the amide bond by the Lewis acid should cause a small but 
measurable difference in the partial charge on the methyl hydrogens of DMF. This partial 
charge could lead to a weak interaction with a fluoro group from another DMF•BF3 
molecule. In the second crystal packing interaction identified, both fluoro substituents not 
involved in the formyl hydrogen bond are sequestered by methyl groups by at least four 
other DMF•BF3 molecules. The distances are 3 Å or less between any hydrogen from a 
methyl and the fluoro of DMF•BF3 (Figure 4.14). It is proposed that these “halide cages” 
sequester the two fluoro groups, holding them in position and further polarizing the fluoro 
group involved in the formyl hydrogen bond. 
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Figure 4.14. Two halide cages from the crystallographic structure of DMF•BF3. 
 
4.7 DMF•BF3 
Investigation of the origin of the formyl hydrogen bond based on the DMF•BX3 
(X=F, Cl) crystal structures of Corey and Rohde1,2 begins with the determination of the gas 
phase molecular structure of DMF•BF3 at a series of levels of theory compared to the 
experimentally determined crystal structure through the dihedral angle, bond distance, and 
energies. Over the last two decades, we have witnessed vast improvement in high 
performance computing which allows for larger models and the application of more 
sophisticated chemical theories and basis sets to be computed in a reasonable amount of 
time. As such, it was important to evaluate Goodman’s work using the 3-21G Pople basis 
set with Hartree-Fock, the B3LYP density functional, and second-order Møller-Plesset 
theory.  
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Table 4.41. Computed H–F and B–O bond lengths of DMF•BF3 (Å) and ÐC1=O2---B3X4 dihedral angle C1 
symmetry. 
Level of theory Basis Functions B–O bond H–F bond Conformation Dihedral Angle 
AM1 43 1.68 2.67 Staggered 60 
PM3 43 1.61 2.70 Staggered 60 
PM6 43 1.59 2.75 Staggered 59 
HF/3-21G 95 1.58 2.13 Eclipsed 0 
HF/6-31G* 149 1.62 2.21 Eclipsed 0 
HF/6-31+G* 185 1.59 2.62 Staggered 58 
HF/jul-cc-pvdz 242 1.59 2.60 Staggered 58 
HF/jul-cc-pvtz 512 1.61 2.62 Staggered 58 
M062X/3-21G 95 1.60 2.03 Eclipsed 0 
M062X/6-31G* 149 1.63 2.14 Eclipsed 0 
M062X/6-31+G* 185 1.61 2.56 Staggered 58 
M062X/jul-cc-pvdz 242 1.60 2.36 Skewed 47 
M062X/jul-cc-pvtz 512 1.61 2.55 Staggered 59 
B3LYP/3-21G 95 1.63 2.05 Eclipsed 0 
B3LYP/6-31G* 149 1.66 2.18 Eclipsed 0 
B3LYP/6-31+G* 185 1.63 2.23 Eclipsed 0 
B3LYP/jul-cc-pvdz 242 1.63 2.25 Eclipsed 22 
B3LPY/jul-cc-pvtz 512 1.64 2.23 Eclipsed 0 
MP2/3-21G 95 1.64 2.09 Eclipsed 0 
MP2/6-31G* 149 1.66 2.17 Eclipsed 0 
MP2/6-31+G* 185 1.62 2.60 Staggered 59 
MP2/jul-cc-pvdz 242 1.63 2.57 Staggered 59 
MP2/jul-cc-pvtz 512 1.63 2.58 Staggered 59 
 
We first selected Hartree-Fock and B3LYP geometry optimizations with the 
smaller 3-21G* basis to reproduce Goodman’s results in the gas-phase. Inconsistent with 
his reports, these levels of theory found a preferred formyl hydrogen bond length of 2.13 
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Å (HF/3-21G) and 2.03 Å (B3LYP/3-21G).  This is 0.19 Å and 0.29 Å smaller than the 
experimentally observed crystal structure respectively. While the HF, M062X, BLYP, and 
MP2 methods capture the formyl hydrogen bond ground state while using Pople’s 3-21G 
basis set, it is worth considering other methods. The 3-21G Pople basis set23 was one of the 
first split-valence basis sets designed and tested, and due to its small computational 
requirements and reasonable structural and energetic descriptions, it was the basis set of 
choice in the 1980’s. Despite its attractive low resource demand, the 3-21G basis set has 
known limitations and performance issues.24–26 In work done by Davidson and Feller,26 
electronic structure calculations of formaldehyde geometries were compared to the 
experimental geometry utilizing Hartree Fock and a series of Pople and Dunning basis sets 
reported by Oka and Takagi.24,25 In their work, Davidson and Feller indicate that the 
Dunning basis sets (SV, SVP, DZP) give better absolute energies than the Pople basis sets 
of comparable size. All of the Pople basis sets have larger basis set superposition error 
(BSSE) than the Dunning basis sets and generally, the Dunning basis sets give more 
accurate energies of atomization at both the SCF and CI levels than Pople basis sets of 
comparabile size. This description in addition to the observed fluctuation of the formyl 
hydrogen bond shown in Table 4.1 indicates that we are computing an artificial minimum 
for the formyl hydrogen bond in the gas phase.   
Our next thought was to implement semiempirical molecular orbital methods due 
to the high cost of ab initio calculations resulting mainly from the two-center electron 
integrals.27 Semi-empirical methods start with the general form of ab initio Hartree-Fock 
calculations, but make numerous approximations for the various integrals, where many of 
the integrals are approximated by functions with empirical parameters and these parameters 
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are adjusted to improve the agreement with experiment.27,28 It has been reported that 
semiempirical methods are roughly 1000 times faster than the Hartree Fock method.20,29 
We applied Dewar’s AM1 and Stewart’s PM3 and PM6 semiempirical methods,27,28 yet to 
our surprise, the methods did not reproduce the HF/3-21G results and a stable gas-phase 
formyl hydrogen bond could not be located. 
Consequently, we embarked upon two parallel paths in understanding the formyl 
hydrogen bond. First, we decided to increase the size of the basis set with each method. In 
particular, we decided to use Dunning’s basis sets that include diffuseness and a double 
and triple split of the valency. The double and triple valencies include successively larger 
shells of polarization functions. Diffuse functions are very shallow Gaussian basis 
functions which more accurately reprent the “tail” portion of the atomic orbitals.30 Second, 
we decided to use a more modern density functional (M062x) that has proven to give 
accurate structural and energetic data31 along with geometry optimization using Møller-
Plesset theory. 
The different levels of theory provide points of comparison for the accuracy of the 
computations and gives insight into the electronic structure of single DMF•BF3 molecules 
(Figure 4.10-Figure 4.11). As you increase the basis set size, it is expected that 
inconsistencies in bond length and stationary point conformations will stabilize. That is not 
the case in the gas phase computations. There are inconsistencies in the length of the formyl 
hydrogen bond (H---F length) when comparing across the number of basis functions with 
fluctuations from 2.03 Å to 2.75 Å. In addition, some methods reflect a staggered 
conformation (points above the H---F experimental bond length line) while some methods 
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capture the eclipsed conformation with a too small H---F bond length (points below the H-
--F experimental bond length line). 
These inconsistencies reflect upon the ability of each method to capture the 
nontraditional hydrogen bond, not the coordinate covalent B―O bond due to the B―O 
bond lengths consistently at 1.6 ± 0.1 Å. The expected error for bond lengths is 0.118 Å 
for density functional theory.32 For the case of the B―O bond length, each method 
overestimates the experimental bond length. This is due to the nature of the coordinate 
covalent bond which has more double bond character that is not captured due to lack of 
dispersion in DFT.32 In addition, in the gas phase, the critical nonbonding interactions that 
we name the electronic anchor and steric pinch are not present in the gas phase. The bond 
is between boron and oxygen, both of which are captured accurately by the X-ray 
diffraction pattern. The hydrogen that participates in the H---F bond was not able to be 
detected in the X-ray diffraction data, and was added by standard computational 
methods.(references) Without the direct observation of the proton from crystallography, 
the confidence in the structure of the formyl hydrogen bond can and should be questioned. 
Furthermore, the crystal packing forces that give rise to the formyl hydrogen bond in the 
crystal structure of DMF•BF3 are not present in the gas phase and as a result, the gas phase 
calculations cannot capture the formyl hydrogen bond. 
The computed DMF•BF3 structures were allowed to adopt C1 symmetry rather than 
Cs symmetry in an effort to capture the dihedral observed in the crystal structure. As 
indicated in (Figure 4.15-Figure 4.16) there are inconsistencies in the ground state 
conformation that the DMF•BF3 molecule adopts as the level of theory is changed. The 
staggered conformation indicates a lack of formation of the nontraditional hydrogen bond. 
 
 
218 
This is indicated by a larger ( > 2.5 Å) H---F bond length. The eclipsed conformation 
indicates the formation of the formyl hydrogen bond through a smaller (< 2.5 Å) H---F. 
 
Figure 4.15. Computed DMF•BF3 molecule compared to experimental X-ray H―F bond length. 
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Figure 4.16. Computed DMF•BF3 molecule compared to experimental X-ray B-O bond length. 
 In an effort to gain insight into the nature of the formyl hydrogen bond, the 
DMF•BF3 molecule was forced to maintain Cs symmetry in both the eclipsed and staggered 
conformations. The same experiments were performed with both conformations and the 
same levels of theory as the C1 symmetry system. Rather than look at the conformation that 
each calculation determined (staggered v. eclipsed) the molecule either falls into a ground 
state or transition state when compared to the number of basis functions as you increase 
the number of basis functions (Figure 4.15-Figure 4.16). 
Some insights were gained from these studies. Overall, the B―O bond length 
(~1.66 Å) is consistent throughout all LOT. There is variability in the H―F bond lengths 
even within each specific method (M062X, B3LYP, MP2). For instance, in the M062X 
method, the H―F bond length varies from 2.03 to 2.56 Å, a range of 0.53 angstroms for 
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C1 symmetry. This is the root of observed inconsistencies in this study. In C1 symmetry the 
< FBOC dihedral can freely rotate. This allows for a complete sampling of the < FBOC 
dihedral energy landscape. In this energy landscape, there are two ground state structures. 
The eclipsed structure shows the formation of the formyl hydrogen bond indicated by an < 
FBOC of 0°. The staggered structure shows the non-formation of the formyl hydrogen bond 
that is indicated by an <FBOC of 180°. 
 
Figure 4.17. Computed DMF•BF3 molecule at different levels of theory represented by basis set size on 
the x-axis, compared to experimental X-ray H---F bond length with Cs eclipsed symmetry. 
This rotation does not dependably collapse to the eclipsed conformation that is 
observed in the X-ray crystal structure. Therefore, the energy landscape of the rotation of 
the BF3 ligand around the O-B coordinate covalent bond was investigated (Figure 4.19). 
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Figure 4.18. Computed DMF•BF3 molecule at different levels of theory represented by basis set size on the 
x-axis, compared to experimental X-ray B-O bond length with Cs eclipsed symmetry. 
The energy landscape of the rotation of the BF3 ligand using M062X/jul-cc-pvdz 
indicates there is a 0.18 kcal/mol energy barrier between the staggered and eclipsed 
conformations. This indicates that the F-H eclipsing could occur in the gas phase but is not 
a strong enough interaction be stable. These results are further confirmed through CHELPG 
(Charges from electrostatic potentials using a grid based method),33 Mulliken,34 and 
Hirshfeld35 charges for the fluorines and formyl hydrogen (Table 4.2). 
Furthermore, natural bond order (NBO) calculations of the DMF•BF3 system for 
the C1, Cs eclipsed and Cs staggered conformations indicate that there is little contribution 
from the anomeric effect to cause the formation of the formyl hydrogen bond (Table 4.43). 
Therefore, based on the charges that show a slight positive charge on the formyl hydrogen 
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(0.09 – 0.14 Å) and a lack of contribution from the NBO, the formyl hydrogen bond, while 
weak in the gas phase can be attributed to the electrostatic buildup of charge. 
 
Figure 4.19. Dihedral angle scan of the C=O―B―F dihedral from 0 to 70 degrees. 
 
Dihedral Angle
En
th
alp
y ∆
H 
/(k
ca
l/m
ol)
0 10 20 30 40 50 60 70
0.
00
0.
05
0.
10
0.
15
0.
20
M062X/jul−cc−pvdz
M062X/jul−cc−pvtz
 
 
223 
Table 4.42. CHELPG, Mulliken, and Hirshfeld charges (e) of the DMF•BF3 with various symmetries at 
M062X/jul-cc-pvdz.a. 
Atom C1 Cs Eclipsed Cs Staggered 
Mulliken Charges 
F1 0.09 -0.51 -0.49 
F2 0.04 -0.50 -0.52 
F3 0.04 -0.50 -0.52 
H 1.31 0.09 0.09 
CHELPG Charges 
F1 -0.43 -0.44 -0.40 
F2 -0.43 -0.42 -0.43 
F3 -0.40 -0.42 -0.43 
H 0.14 0.12 0.14 
Hirshfeld Charges 
F1 -0.43 -0.44 -0.40 
F2 -0.43 -0.42 -0.43 
F3 -0.40 -0.42 -0.43 
H 0.14 0.12 0.14 
a. For other charges with different levels of theory see supporting information 
 
Table 4.43. Natural bond order analysis of DMF•BF3 with C1 Symmetry at M062X/6-31+G*//M062X/jul-
cc-pvdz.a. 
Rank (kcal/mol) Donor Acceptor 
18.76 LP ( 3) F 9 BD*( 1) O3-B6 
17.59 LP ( 3) F 8 BD*( 1) O3-B6 
15.8 LP ( 3) F 7 BD*( 1) O3-B6 
13.74 
LP ( 2) F 7 BD*( 1) B6-F8 
a. For other NBO calculations with different levels of theory see supporting information 
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4.8 DMF•BCl3 
In a similar fashion to the DMF•BF3, the DMF•BCl3 system was investigated at 
many different levels of theory. The crystal structure of DMF•BCl3 solved by Corey and 
Rohde was available on the CCDC and the coordinates were used to compare to the gas 
phase calculations conducted in this work.21 In the gas phase, the DMF•BCl3 structure 
follows a similar pattern of erratic behavior when compared across different levels of 
theory. 
There is lack of consistency between the LOTs and if they capture the eclipsing 
observed in the experimental crystal structure. In all cases except for the B3LYP/3-21G 
LOT the eclipsed conformation that would match the formyl hydrogen bond in the X-ray 
crystal structure is a TS.  
This erratic behavior is consistent through various forms of symmetry including C1, 
Cs eclipsed, and Cs staggered (Figure 4.20-Figure 4.23). Just as in the BF3 model, there is 
difficulty in obtaining a ground state for the structure when confined to Cs symmetry (Table 
4.44). Therefore, gas phase calculations are not sufficient for the remainder of this work. 
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Figure 4.20. Computed DMF•BCl3 basis functions compared to experimental X-ray H---Cl bond lengths at 
C1 symmetry. 
 
In the gas phase, DMF•BCl3 prefers to be in the staggered conformation. This fact 
is supported by Mulliken, CHELPG, and Hirshfeld charges (Table 4.45) as well as NBO 
calculations that indicate (Table 4.46) that indicate there is a slight buildup of charge on 
the formyl hydrogen (0.07 – 0.12 e) of charge between the chlorines of BCl3 and the formyl 
hydrogen. In addition, there is no significant contribution into the s* of the B-Cl bond. 
This indicates that while it is a weak interaction in the gas phase, it can be attributed to a 
buildup of electrostatic charge. 
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Figure 4.21. Computed DMF•BCl3 basis functions compared to experimental B―O bond lengths at C1 
symmetry. 
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Figure 4.22. Computed DMF•BCl3 basis functions compared to experimental H---Cl bond lengths at CS 
eclipsed symmetry. 
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Figure 4.23. Computed DMF•BCl3 basis function compared to experimental B―O bond lengths at CS 
eclipsed symmetry. 
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Table 4.44. Computed conformations of DMF•BCl3. 
Level of theory Basis Function C1 Cs Eclipsed Cs Staggered 
AM1 43 Staggered TS GS 
PM3 43 Staggered TS GS 
PM6 58 Staggered TS GS 
M062X/3-21G 107 Staggered TS GS 
M062X/6-31G* 161 Staggered TS GS 
M062X/6-31+G* 197 Staggered TS GS 
M062X/jul-cc-pvdz 254 Staggered TS GS 
M062X/jul-cc-pvtz 524 Staggered TS GS 
B3LYP/3-21G 107 Eclipsed GS TS 
B3LYP/6-31G* 161 Staggered TS GS 
B3LYP/6-31+G* 197 Staggered TS GS 
B3LYP/jul-cc-pvdz 254 Staggered TS GS 
B3LPY/jul-cc-pvtz 524 Staggered TS GS 
MP2/3-21G 107 Staggered TS GS 
MP2/6-31G* 161 Staggered TS GS 
MP2/6-31+G* 197 Staggered TS GS 
MP2/jul-cc-pvdz 254 Staggered TS GS 
MP2/jul-cc-pvtz 524 Staggered TS GS 
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Table 4.45. CHELPG, Mulliken, and Hirshfeld charges (e) for the DMF•BCl3 model at M062X/jul-cc-
pvdz.a. 
Atom C1 Cs Eclipsed Cs Staggered 
Mulliken Charges 
F1 -0.31 0.05 -0.22 
F2 -0.31 0.20 -0.23 
F3 -0.26 0.20 -0.23 
H 0.10 0.10 0.09 
CHELPG Charges 
F1 -0.27 -0.25 -0.23 
F2 -0.27 -0.25 -0.27 
F3 -0.23 -0.25 -0.27 
H 0.15 0.12 0.15 
Hirshfeld Charges 
F1 -0.21 -0.19 -0.19 
F2 -0.21 -0.21 -0.21 
F3 -0.19 -0.21 -0.21 
H 0.07 0.07 0.07 
a. For other charges with different levels of theory see supporting information 
 
Table 4.46. Natural bond order analysis of DMF•BCl3 at M062X/6-31+G*//M062X/jul-cc-pvdz.a. 
Rank (kcal/mol) Donor Acceptor 
15.62 LP (3) Cl9 BD*(1) 03-B6 
11.38 LP (3) Cl7 BD*(1) 03-B6 
11.37 LP (1) O3 BD*(1) C2-H10 
11.35 
LP (3) Cl8 BD*(1) 03-B6 
a. For other NBO calculations with different levels of theory see supporting information 
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4.9 DMF•BF2OMe 
To probe the effect of changing the substituent on the boron ligand to be more 
consistent with substituents used in synthesis,36–38 the DMF•BF2OMe model was 
investigated. This allows for a potentially stronger interaction between the OMe group and 
the formyl hydrogen and approaches the binding structure of l-menthoxy aluminum 
dichloride. DMF•BF2OMe can be present in syn, anti, and gauche conformations. 
 The gas phase calculations indicate that the gauche conformation is preferred, 
where the lone pair of the oxygen orients toward the formyl hydrogen bond to allow the 
formation of the formyl hydrogen bond (Figure 4.24). 
 Gas phase calculations indicate that there are two ground state conformations, the 
gauche and anti, while the syn conformation is a transition state (Table 4.47-Table 4.49). 
Each available ground state conformation can form the formyl hydrogen bond. In the 
gauche conformation, the formyl hydrogen bond length is 2.36 Å. The gauche 
conformation is favored by 0.8 kcal/mol when compared to the syn conformation. The syn 
conformation forms a formyl hydrogen bond length of 2.31 Å and is 0.8 kcal/mol higher in 
energy than the gauche conformation. The anti conformation is a transition structure that 
is 0.4 kcal/mol higher in energy than the gauche conformation. The anti conformation does 
not form the formyl hydrogen bond. 
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Figure 4.24. Structures of gauche, anti, and syn DMF•BF2OMe. 
 
Table 4.47. Change in energy (kcal/mol) relative to the DMF•BF2OMe gauche conformation using the 
M062X method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
M062X/jul-cc-pvdz 
Gauche 0.0 0.0 0.0 0.0 0.0 
Syn 10.3 10.2 9.9 9.9 10.1 
Anti 6.7 6.8 6.9 6.9 5.9 
M062X/jul-cc-pvtz//M062X/jul-cc-pvdz 
Gauche 0.0 NA NA NA NA 
Syn 10.4 NA NA NA NA 
Anti 6.3 NA NA NA NA 
 
Computed Mulliken, CHELPG, and Hirshfeld charges indicate that while there is a 
stronger negative charge on the methoxy―O that participates in the formyl hydrogen bond, 
there is still no build-up of charge present on the formyl hydrogens (Table 4.50). 
NBO calculations of the gauche conformation indicate that there is stabilization of the 
s* antibonding orbital of the B carbonyl oxygen bond from the lone pair of the methoxy 
group. Other stabilization is present from the lone pairs of the two fluorines (Table 4.51). 
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These results suggest that there is a contribution of the anomeric effect from the methoxy 
O present in this system. 
 
 
Table 4.48. Change in energy (kcal/mol) relative to the DMF•BF2OMe gauche conformation using the MP2 
method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MP2/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 10.0 10.0 9.7 9.7 9.9 
Eq TB C 5.0 5.2 5.3 5.3 4.4 
BT C Up 6.6 6.7 6.3 6.3 6.6 
BT C Down 8.0 8.2 7.6 7.6 9.4 
Ax TB C 6.9 7.0 7.0 7.0 6.7 
Ax HC C 10.4 10.4 10.1 10.1 101 
Ax CH 2.4 2.7 2.7 2.7 2.5 
MP2/jul-cc-pvtz//MP2/jul-cc-pvdz 
Eq CH 0.0 NA NA NA NA 
Eq HC C 10.1 NA NA NA NA 
Eq TB C 5.2 NA NA NA NA 
BT C Up 6.9 NA NA NA NA 
BT C Down 7.7 NA NA NA NA 
Ax TB C 6.6 NA NA NA NA 
Ax HC C 10.9 NA NA NA NA 
Ax CH 2.1 NA NA NA NA 
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Table 4.49. Change in energy (kcal/mol) relative to the DMF•BF2OMe gauche conformation using the 
MN15 method. 
Conformation ΔEelec ΔE0 ΔE298 ΔH298 ΔG298 
MN15/jul-cc-pvdz 
Eq CH 0.0 0.0 0.0 0.0 0.0 
Eq HC C 11.0 10.9 10.6 10.6 10.8 
Eq TB C 7.7 8.0 8.1 8.1 6.9 
BT C Up 9.2 9..2 8.9 8.9 9.5 
BT C Down 7.3 7.6 7.0 7.0 8.5 
Ax TB C 6.2 6.4 6.4 6.4 6.3 
Ax HC C 11.6 11.5 11.2 11.2 11.5 
Ax CH 1.9 2.4 2.3 2.3 2.4 
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Table 4.50. Mulliken, CHELPG, and Hirshfeld charges (e) of DMF•BF2OMe. 
Atom Gauche Syn Anti 
Mulliken Charges 
F1 -0.48 -0.33 -0.59 
F2 -0.59 -0.45 -0.50 
O -0.7 -0.74 -0.79 
H -0.02 
0.00 -0.04 
CHELPG Charges 
F1 
-0.40 
-0.42 -0.43 
F2 
-0.43 
-0.43 -0.42 
O 
-0.54 
-0.60 -053 
H 
0.07 
0.09 0.12 
Hirshfeld Charges 
F1 
-0.22 
-0.22 -0.23 
F2 
-0.23 
-0.23 -0.23 
F3 
-0.25 
-0.23 -0.24 
H 
0.07 
0.07 0.07 
 
 
Table 4.51. Natural bond order analysis of DMF•BF2OMe gauche at M062X/6-31+G*//M062X/jul-cc-
pvdz.a. 
Rank (kcal/mol) Donor Acceptor 
23.94 LP(2) O7 BD*(1) O1-B6 
18.91 LP(3) F16 BD*(1) O1-B6 
17.34 LP(3) F17 BD*(1) O1-B6 
a. For other NBO calculations with different levels of theory see supporting information 
In the gas phase investigation of the origin of the formyl hydrogen bond, we find that 
there are significant inconsistencies in the computational description of the formyl 
hydrogen bond between the levels of theory in the gas phase due to the lack of the 
nonbonding crystal packing forces that are present in the crystal structure. The 
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computations show that lower levels of theory exaggerate charge separation to enforce the 
idea of the formyl hydrogen bond, while higher level quantum computations converge to 
an insignificant stabilization of the formyl hydrogen bond in the gas phase. This result 
suggests significant weakness in the currently accepted understanding of the formyl 
hydrogen bond. As a consequence, we returned to the original crystallographic data and 
reviewed any assumptions made. While crystallographic evidence shows the formyl 
hydrogen bond in the solid state, it does not provide an explanation of the structure. 
Therefore, there exists an opportunity to learn from the knowledge gleaned from crystal 
packing forces to better understand the relationship between the formyl hydrogen bond and 
reported stereoselectivity. 
4.10 Crystal packing forces dimer and trimer model 
While the gas phase model gives insight into the energetics of the formyl hydrogen 
bond landscape, it does not provide a complete theory of the origin of the observed 
eclipsing interaction in DMF•BF3 described by Corey and Rohde. In the gas phase, the 
polarizing effect of the halide cages and electrostatic gap does not limit the free rotation of 
the boron carbonyl oxygen  bond. The energetic barrier of this free rotation in the gas phase 
is small (~0.18 kcal/mol). Therefore, the full crystal of DMF•BF3 is modeled by removing 
systematically layers of DMF•BF3 molecules from the crystal to approach the gas phase 
resulting in two separate models, the trimer model (Figure 4.23) with three explicit 
DMF•BF3 molecules, and the dimer model with two explicit DMF•BF3 molecules (Figure 
4.24) in an effort to capture effects of the halide cages and electrostatic gap. 
Inspection of the DMF•BF3 crystal structure indicates that there are key interactions 
that hold the BF3 molecule in the specific eclipsed conformation. These interactions are 
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labeled call the steric pinch, and the electronic anchor. The steric pinch arises from the 
steric blocking of the two non-hydrogen bonding fluorines by BF3 groups of adjacent 
DMF•BF3 molecules in the crystal. This prevents the rotation of the BF3 ligand around the 
< COBF dihedral due to the steric congestion around the fluorines. 
The electronic anchor strengthens the formyl hydrogen bond by siphoning electron 
density off the hydrogen bonding fluorine from a formyl hydrogen bond of an adjacent 
DMF•BF3 molecule. This anchors the fluorine and strengthens the formyl hydrogen bond 
through the increase in the charge separation that is the origin of the nontraditional 
hydrogen electrostatic interaction. 
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Figure 4.25. DMF•BF3 trimer model. 
In the dimer model, the formyl hydrogen bond is 2.37 Å and the < COBF dihedral 
is 46.7°. The “halogen pocket” only provides steric blockage on one side of the molecule 
and therefore the dihedral angle deviates from the experimental 18°. This indicates that it 
is necessary to add a second explicit DMF•BF3 molecule to block the other side. 
This gives rise to the trimer model which sandwiches a DMF•BF3 molecule 
between two other explicit DMF•BF3 molecules. This provides both the electronic gap and 
two sides of the halogen pocket. The formyl hydrogen bond in the trimer model remains 
the same at 2.37 Å, however, the < COBF dihedral flattens to 20.2° which more closely 
matches the experimental dihedral angle of 18°. 
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Figure 4.26. DMF•BF3 dimer model. 
Additionally, the electronegative fluorines of the surrounding molecules pulls 
electron density from the formyl hydrogen to increase its building up of charge, thereby 
promoting the formation of the formyl hydrogen bond. The increase in the building up of 
charge is evidence for the “electronic gap”. Further evidence to support this is present in 
the NBO calculations of the trimer and dimer models which suggests that there is little 
anomeric effect present, which indicates a build-up of charge is responsible for the origin 
of the formyl hydrogen bond (Table 4.52). 
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Table 4.52. Natural bond order analysis of DMF•BF3 dimer and trimer models at M062X/6-
31+G*//M062X/jul-cc-pvdz. 
Rank (kcal/mol) Donor Acceptor 
Dimer 
17.05 LP (3) F16 BD* (1) O1-B13 
15.69 LP (3) F24 BD* (1) O20-B21 
15.10 LP(3) F17 BD*(1) O1-B6 
15.00 LP (3) F25 BD* (1) O20-B21 
13.54 LP (3) F15 BD* (1) O13-F16 
Trimer 
16.85 LP (3) F39 BD* (1) O36-B37 
17.40 LP (3) F23 BD* (1) O20-B21 
15.64 LP (3) F24 BD* (1) O20-B21 
15.07 LP (3) F40 BD* (1) O36-B27 
14.6 LP (2) F16 BD* (1) O1-B13 
a. For other NBO calculations with different levels of theory see supporting information 
 
4.11 Induction of the formyl hydrogen bond through solvent interactions 
The formyl hydrogen bond has been shown to arise when in the presence of crystal 
packing forces, and in the gas phase, there is inconsistency in the ability of computation to 
capture this phenomenon. Practically speaking, organic chemistry and important organic 
reactions do not typically take place in the solid or gas phase. As a result, in order for 
application of the formyl hydrogen bond to be useful for organic chemistry and asymmetric 
catalysis, solvent effects must be investigated. Explicit methanol and ethanol (1-5) 
molecules were added to the C1 symmetry DMF•BF3 in positions consistent with the 
previously dicussed “electronic gap” and “halogen pocket” described above. 
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As the number of explicit ethanol and methanol molecules increase from 1 to 5, the 
formyl hydrogen bond decreases from 2.64 to 2.28 Å. The ÐCOBF also decreases from 60 
to 15.8°. Five explicit solvent molecules are required to capture fully both packing forces 
(Figure 4.25). 
 
 
Figure 4.27. DMF•BF3 shown with five explicit a.) methanol with formyl hydrogen bond (red), electronic 
gap (blue), and halogen gap (green) outlined 
The optimized structures indicate that there is the formation of the formyl hydrogen 
bond through the decrease of the ÐCOBF dihedral and the solvent inducement of two 
“halogen pockets”. Critically, at least three explicit solvent molecules are required to form 
the “halogen pocket” and the “electrostatic gap.” Two solvent molecules form the 
“electrostatic gap” (one on each side of the DMF•BF3) sterically prevent the rotation of the 
ÐCOBF through unfavorable interactions in the DMF•BF3 halogens. However, two more 
solvent molecules for a total of five completely form the “halogen pocket” on both sides 
2.
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of the molecule. In the solution phase with four explicit menthol molecules, the formyl 
hydrogen bond is the same length as the crystal structure. The electronic gap is 2.86 Å and 
3.60 Å compared to the crystal structure lengths of 2.53 Å and 2.69 Å. The difference in 
electronic gap interaction length is due to the fluidity of the solvent molecules that are not 
packed into a crystal structure. Similarly, the halogen pocket is 2.00 Å, 2.02 Å, and 2.27 Å 
compared to 2.80 – 2.96 Å. The fluidity of the solvent and the difference in 
electronegativity of the solvent allows for a decrease in the halogen pocket distances. They 
completely isolate the two non-hydrogen-bonding fluorines with two solvent molecules 
per fluorine. This completely sterically hinders the rotation around the ÐCBOF dihedral 
locking it into the formyl hydrogen bond position around 18°. Furthermore, just as in the 
gas phase and crystallographic results, NBO calculations do not indicate that the anomeric 
effect is the origin of the formyl hydrogen bond (Table 4.53). 
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Table 4.53. Natural bond order analysis of DMF•BF3 with five explicit methanol and ethanol molecules at 
M062X/6-31+G*//M062X/jul-c-pvdz.a. 
Rank (kcal/mol) Donor Acceptor 
Five methanol 
15.36 LP (2) O42 BD* (1) H29-O30 
15.25 LP (2) F8 BD* (1) O3-B6 
14.36 LP (2) O18 BD* (1) H23-O24 
13.55 LP (2) F7 BD* (1) O3-B6 
12.78 LP (3) F8 BD* (1) B6-F9 
Five ethanol 
18.3 LP (2) O42 BD* (1) H29-O30 
15.42 LP (2) F8 BD* (1) O3-B6 
13.64 LP (2) O18 BD* (1) H23-O24 
12.63 LP (2) F7 BD* (1) O3-B6 
12.51 LP (3) F8 BD* (1) B6-F9 
a. For other NBO calculations with different levels of theory see supporting information 
Consequently, a critical assessment of Corey and Rohde’s DMF•BF3 crystallographic 
structure was made to understand what influence the condensed solid phase has upon the 
formyl hydrogen bond. Key crystal packing forces known as the “electrostatic gap” and 
“halogen pocket” are observed in the solution phase and induce the formyl hydrogen bond. 
From the lessons learned, the influence of solvent clusters upon the structure and energy 
of the formyl hydrogen bond was evaluated  and found to be critical in establishing a 
physical understanding of the formyl hydrogen bond with the ultimate goal of developing 
a more complete rationale of its contribution in the stereoselective control of asymmetric 
organic chemistry. Key crystal packing forces can influence the stereoselectivity of 
important organic reactions through direct application of solvent molecules. 
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4.12 Summary 
The formyl hydrogen bond is a critical organizing element in asymmetric Lewis 
acid catalysis. However, the origins of the formyl hydrogen bond proposed by Corey and 
Rohde were not well understood at the beginning of this dissertation work. It is essential 
to understand the origin of the formyl hydrogen bond in an effort to provide a complete 
and rational theory of nontraditional hydrogen bonding stereoselectivity in organic 
chemistry. 
 In this work, crystallographic studies of DMF•BF3 were conducted to investigate 
the crystal structure solved by Corey and Rohde. The results yielded a single X-ray 
quality crystal with a mean error of 7.5%. While this give information about the formyl 
hydrogen bond it is above the 5% quality limit of publication, and more work in the 
future is required to improve the quality of the crystal. The results gained from the 
investigation of the DMF•BF3 crystal structure allowed for a thorough comparison with 
computed structures in the gas phase. Gas phase computations of DMF•BF3, DMF•BCl3, 
and DMF•BF2OMe indicate a lack of consistency between the computational method and 
the stability of the formyl hydrogen bond. The H---F bond distance and stationary point 
(GS vs. TS) varies unpredictability at lower levels of theory.  
 Due to the inconsistencies in the gas phase computations, a critical investigation 
of the DMF•BF3 crystal structure itself was conducted. The crystal packing forces named 
the “halogen pocket” and “electrostatic gap” are present in the dimer, trimer, and crystal 
models of the DMF•BF3 model. The “halogen pocket prevents the rotation of the  ÐO-B-
F---H dihedral that forms the formyl hydrogen bond through steric congestion of the 
nonbonding fluorines. The “electrostatic gap” donates electron density into the binding 
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fluorine to increase the charge disparity between the fluorine and formyl hydrogen bond. 
These models show that the gas phase structures are not enough to capture the formyl 
hydrogen bond when the Lewis acid contains three fluorine molecules. 
In an effort to gain information about the origin of the formyl hydrogen bond that 
is evident in the crystal structure, one through five explicit methanol and ethanol 
molecules were added to the DMF•BF3 molecule with the formyl hydrogen bond. The 
addition of explicit solvent molecules shows the formation and stabilization of the formyl 
hydrogen bond through the “electrostatic gap” and “halogen pocket” crystal packing 
forces. 
 The origin of the formyl hydrogen bond directly allows for explanation of 72% ee 
of the reaction of 2-methacrolein and 1,3-cyclopentadiene. The formyl hydrogen bond 
serves as a critical stereochemical organizing element organic chemistry and serves as a 
model for the development of other nontraditional hydrogen bonding including the novel 
alpha hydrogen bond discussed in Chapter 5. 
4.13 Future efforts 
 The discovery and development of key crystal packing forces found in the crystal 
structure of DMF•BF3 provides an opportunity to improve current synthetic organic 
chemistry techniques. In order to achieve practical application of the crystal packing forces, 
investigation of synthetically relevant solvents will be performed with solvents to include 
xylenes, chloroform, dichloromethane, toluene and water. 
 Additionally, application of the “halogen pocket” and “electrostatic gap” will be 
applied to other important organic reactions including the aldol,39 ene,6 Nazarov40 and 
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Henry41 reactions. The halogen pocket and electrostatic gap has the potential to improve 
stereoselectivity of important organic reactions. 
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Chapter 5 
The alpha and beta-hydrogen bonds 
5.1 Motivation 
 Despite substantial efforts and success in defining a clear understanding of the 
physical origin of the formyl hydrogen bond and identification of possible solvation effects 
in Chapter 4, the reasons for the drastic difference in stereoselectivity between 
methacrolein and acrolein reported by Koga has an alternative explanation. From our 
inductive reasoning, there must be a fundamental difference between 2-methacrolein and 
acrolein. It appears that the only difference is that 2-methacrolein has a methyl group 
whereas acrolein does not. The stereoelectronic impact of the methyl group was not 
immediately clear, but the importance is not about the methyl group itself, rather, it is its 
absence that is significant. Now in hindsight it may seem obvious, but a potential 
breakthrough was made when considering the reactivity and special properties, in 
particular the pKa, of the alpha and beta protons in the Claisen, enamine, and Michael 
reactions.1–3Acrolein has an alpha proton, whereas 2-methacrolein does not. The 
importance of the alpha hydrogen bond is that it forms a stable six-membered ring that 
positions and holds a substituent in place to block the opposite face of that from the formyl 
hydrogen bond. As a consequence, the two interactions are in stereochemical competition. 
This information provided the inception of novel nontraditional nonbonding interactions 
that we named as the alpha and beta hydrogen bonds. 
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Figure 5.1. Comparison between the classic, formyl, alpha and beta hydrogen bonding schemes. 
5.2 Research design 
The alpha and beta protons in carbonyl systems became the target of our research 
with the goal of investigating their effects in the stereocontrol of Lewis acid catalysis. We 
developed the hypothesis that the novel alpha and beta hydrogen bonding interactions 
could compete with the formyl hydrogen bond to explain the stereoselectivity of the Diels-
Alder reactions reported by Koga. The research design is divided into three separate 
projects. The first effort is a proof of concept of the alpha hydrogen bond (Section 5.3), 
where the relative complexation energies of the alpha hydrogen bond in the 
dimethylacetamide (DMA) Lewis acid adduct with BF3 is compared against the formyl 
hydrogen bond in the dimethylformamide (DMF) adduct with BF3. In our second effort 
(Section 5.5) extending beyond the DMA and DMF model systems, the ground state 
control of the exact dienophiles used in Koga’s Diels-Alder experiments, acrolein and 2-
methacrolein, are used to interrogate the structure and energies of the formyl, alpha, and 
beta hydrogen bonds. Energies are compared between the formyl and alpha hydrogen 
bonds for s-trans and between the formyl and beta hydrogen bonds for s-cis acrolein. The 
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same comparisons are made for s-cis and s-trans methacrolein which only has the ability 
to form the formyl and beta hydrogen bonds. The third and final study (Section 5.6) extends 
the novel nonbond interactions into the transition states to determine the relative activation 
energies for the exact Koga system using l -menthoxy aluminum dichloride, 5.1, to explain 
the observed 0% ee stereoselectivity of Koga’s reaction of acrolein, 5.2, with 1,3-
cyclopentadiene, 5.3, to yield two adducts 5.4 and 5.5 in a racemic mixture (Scheme 5.14). 
Scheme 5.14. Koga's Diels-Alder reaction of acrolein, 5.2, and cyclopentadiene, 5.3, catalyzed by l-
menthoxy aluminum dichloride, 5.1 and methacrolein, 5.6, and 5.3, catalyzed by 5.1. 
 
 
5.3 Proof of concept of the alpha hydrogen bond  
As discussed in Chapter 4, the X-ray crystallographic work by Corey and Rohde on  
DMF•BF3 demonstrates the formation of the formyl hydrogen bond.4–6 Utilizing DMF•BF3 
as a model for the formyl hydrogen bond, a similar computational model was derived 
through the use of DMA to produce only the alpha hydrogen bond without other competing 
interactions in the Lewis acid adduct formation. The formyl hydrogen bond takes place 
between H10---F7 (Figure 5.2). The simple substitution of the formyl hydrogen (H10) with 
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a methyl group allows for the formation of the alpha hydrogen bond between H7---F17 
(Figure 5.3) 
    
Figure 5.2. Structure of DMF•BF3 
These two models serve as a point of comparison and provide simple models that are used 
as a proof of concept of the competition between the formyl and the alpha hydrogen bond.  
 
  
  
Figure 5.3. Structure of DMA•BF3. 
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As discussed in Chapter 4, gas phase computations of DMF•BF3 indicate a lack of 
consistency between the computational method and the stability of the formyl hydrogen 
bond. The H---F bond distance and stationary point (GS vs. TS) varies unpredictability at 
lower levels of theory. The DMF•BF3 molecule when allowed to adopt C1 symmetry has 
a formyl hydrogen bond length of 2.36 Å and the C=O–B–F dihedral is 47 degrees out of 
the plane. The DMA•BF3 structure is also allowed to adopt C1 symmetry. It forms the alpha 
hydrogen bond length of 2.22 Å. The C=O–B–F dihedral is 52 degrees and the H-C-C=O 
dihedral is 19 degrees. The combination of these two dihedrals bending out of plane allows 
for the formation of the alpha hydrogen bond. 
The complex energy of DMF•BF3 is 0.18 kcal/mol and the complex energy off 
DMA•BF3 is 0.37 kcal/mol. The small complexation energy of both the DMF complex and 
the DMA complex indicates a weak interaction for the formyl and alpha hydrogen bond. 
The indicated complex energy shows that the alpha hydrogen bond forms a stronger bond.  
A comparison of the relative binding energy of DMF•BF3 and DMA•BF3 indicates 
that the alpha hydrogen bond is 1.8 kcal/mol (M062X/jul-cc-pvdz) higher in energy then 
the formyl hydrogen bond (Table 5.54) at the M062X/jul-cc-pvdz level of theory. 
However, as the basis increases, the relative binding energy drops to 1.6 kcal/mol. Using 
second-order Møller-Plesset theory, the relative binding energy drops to 1.1 kcal/mol 
favoring the formyl hydrogen bond. In our future work, we will need to access the influence 
of solvent upon the energy gap. However, for the purpose of this chapter, we assume that 
the influence of solvent essential cancels between the formyl and alpha hydrogen bonds of 
the Lewis acid adducts. As a consequence, the low energy difference (from 1.1 to 1.8 
kcal/mol) between the formyl and alpha hydrogen bonds indicates that the alpha hydrogen 
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bond, while higher in energy, is a novel nontraditional hydrogen bond that should 
contribute to the distribution of conformations and eventual stereochemical control of the 
reaction and needs to be investigated further. 
Table 5.54. Difference in binding energy of DMA•BF3 relative to DMF•BF3. 
Structure DΔEelec DΔE0 DΔE298 DΔH298 DΔG298 
M062X/jul-cc-pvdz 
DMF•BF3 0.0 0.0 0.0 0.0 0.0 
DMA•BF3 1.7 1.6 1.8 1.8 0.3 
M062X/jul-cc-pvtz 
DMF•BF3 0.0 0.0 0.0 0.0 0.0 
DMA•BF3 1.5 1.5 1.6 1.6 0.4 
MP2/jul-cc-pvdz 
DMF•BF3 0.0 0.0 0.0 0.0 0.0 
DMA•BF3 1.2 1.2 1.2 1.2 1.0 
MP2/jul-cc-pvtz 
DMF•BF3 0.0 0.0 0.0 0.0 0.0 
DMA•BF3 1.0 1.1 1.1 1.1 0.0 
 
Comparison of the DMF•BF3 and DMA•BF3 structures indicate that there is 
competition between the formyl and alpha hydrogen bonds due to the low energy difference 
(1.1 to 1.8 kcal/mol) in addition, structure geometries of the DMA•BF3 indicates an alpha 
hydrogen bond length of 2.22 Å. This indicates that there is the possibility of competition 
between the formyl and alpha hydrogen bonds. 
5.4 Possible conformations of Koga’s reactions 
Experimentally, it is known that endo addition is preferred over exo addition, as 
reported in Koga’s work.7 The s-trans conformation of a,b-unsaturated ketones are known 
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to be favored over the s-cis conformation.8 In order to predict accurately Koga’s reaction 
through computational means, all possible reactive paths of the Diels-Alder reaction of 5.2, 
5.3, and 5.6 were considered. (Error! Reference source not found.). 
 
 
Chart 5.11. Flowchart of the possible ground state structures of Koga's Diels-Alder reactions. 
 
 
 
Chart 5.2. Flowchart of the possible transition state structures of Koga's acrolein Diels-Alder reactions. 
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Chart 5.3. Flowchart of the possible transition state structures of Koga's 2-methacrolein Diels-Alder 
reactions. 
 Error! Reference source not found.-5.3 outline the many different reactive paths 
that are available for Koga’s Diels-Alder reaction in both the ground state and transition 
state. The charts provide a logical framework for the competition between the formyl, 
alpha, and beta hydrogen bond outlined in this chapter. 
 Chart 5.1 outlines the possible ground state conformations of s-cis and trans 
acrolein and methacrolein with availability of the formyl, alpha, and beta hydrogen bond. 
Chart 5.2 shows the endo transition state path for s-cis and s-trans acrolein. In addition to 
the available possibilities in the ground states, there are further conformational 
possibilities. Herein, the pro 5.X nomenclature indicates the product that is formed by that 
transition state. For example, pro5.4 will form product 5.4. Similarly, Chart 5.3 shows the 
exo transition state path for s-cis and s-trans methacrolein. 
5.5 Ground state control 
We seek to understand the role of nontraditional hydrogen bonding in the ground 
state through an investigation of the competition between the formyl, alpha, and beta 
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hydrogen bonds in the dieneophiles used by Koga. This work gives insight into the 
stereoselective control of the reaction in the ground state and determines if the competition 
between the formyl, alpha, and beta hydrogen bonds impact the distribution of possible 
conformations and eventual stereochemical control. The possible formyl and alpha 
hydrogen bonds in the ground states of s-cis and s-trans acrolein and s-cis and s-trans 2-
methacrolein with Koga’s catalyst l-menthoxy aluminum dichloride, 5.1 were investigated 
using computational methods.  
 
Figure 5.4. Availability of the formyl, alpha, and beta hydrogen bonds for s-cis and s-trans acrolein and 
methacrolein. 
All four structures can participate in the formyl hydrogen bonding, as shown in 
Figure 5.4, where s-cis acrolein and s-cis 2-methacrolein can participate in a vinyl beta 
hydrogen bond, s-trans 2-methacrolein can participate in a methyl beta hydrogen bond, 
and s-trans acrolein can participate in an alpha hydrogen bond (Figure 5.4). 
As described in Error! Reference source not found. the formyl hydrogen bond 
forms a five-membered ring that includes the formyl hydrogen bond between the atoms 
C=O―Al―O, that creates a pseudo pucker conformation similar to the well-known 
envelope pucker in the cyclopentane structure.9 
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Scheme 5.15. Comparison of five-membered ring created through the binding of l-menthoxy aluminum 
dichloride to the dienophile. 
 
Similar to the formyl hydrogen bond, the alpha hydrogen bond forms a six-
membered ring that puckers in a pseudochair-like fashion to form a six-membered ring 
(Error! Reference source not found.). 
Scheme 5.16. Comparison of the six-membered ring created through the binding of l-menthoxy aluminum 
dichloride to the dienophile and the pseudochair conformation. 
 
Scheme 5.4. Comparison of the seven-membered ring created through the binding of l-menthoxy 
aluminum dichloride to the dienophile and the pseudochair conformation and the vinyl proton (left) and 
methyl proton (right). 
 
In the Koga’s Diels-Alder reaction, cyclopentadiene can attack from one side of the 
dienophile or the other to yield two products per dienophile. The puckering of the formyl, 
alpha, and beta hydrogen bonds forces the bulky l-menthoxy aluminum dichloride catalyst 
to block one face or the other sterically, thereby influencing the stereoselectivity through 
the availability of the diene to attack, through the steric hinderance of the attacking face. 
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Scheme 5.5. S-trans formyl hydrogen bond (top left) and s-cis formyl hydrogen bond (bottom left) causes 
1.2 to block the back face allowing for only front face attack while the alpha hydrogen bond (top right) 
and beta hydrogen bond (bottom right) blocks the front face allowing for only back face attack. 
  
  
 
For the case of acrolein, the s-cis conformation only has the formyl and vinyl beta 
hydrogen bonds available. The puckering of the five-membered ring generated by the 
formyl hydrogen bond is -9.9° out of plane. This allows for two unique faces of attack A 
and B where one face is blocked by the catalyst and one face is open (Figure 5.5) The 
enthalpy difference between the formyl and beta hydrogen bonds is 2.1 kcal/mol in favor 
of the formyl hydrogen bond. This change in enthalpy indicates that the most populated 
ground state for s-cis acrolein in the ground state is the formyl hydrogen bond. 
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Figure 5.5. S-cis acrolein faces of attack formyl (left) and vinyl beta (right).  
The s-trans conformation has access to both the formyl and alpha hydrogen bond. 
Just as for the s-cis conformation, the puckering for both the formyl and alpha hydrogen 
bond five and six-membered ring generates two faces of attack, A and B, where one face 
is blocked by the catalyst and one face is open for attack. This generates four unique faces 
of attack. 
When energetically compared between the s-trans acrolein formyl and alpha 
hydrogen bond, it is observed that there is a 0.5 kcal/mol difference between the two 
puckering conformations of s-trans acrolein with the formyl hydrogen bond and a 0.2 
kcal/mol difference between the two puckering conformations of the s-trans conformation 
with the alpha hydrogen bond (Figure 5.6) The relative difference between the formyl and 
alpha hydrogen bonds in the ground state is 3.9 kcal/mol in favor of the formyl hydrogen 
bond. This suggests that in the ground state, the formyl hydrogen bond is significantly 
populated while the alpha hydrogen bond is not. 
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Figure 5.6. Comparison of s-trans acrolein formyl and a hydrogen bond puckering. 
The same comparison is carried out between s-cis and s-trans methacrolein. S-cis 
methacrolein can only participate in formyl and vinyl beta hydrogen bonding and just as in 
the s-cis acrolein case, there are two faces of attack (Figure 5.7) The enthalpy difference 
between the formyl and the beta hydrogen bond is 0.1 kcal/mol in favor of the beta 
hydrogen bond. This change in enthalpy indicates that there is almost equal distribution 
between the two ground states. 
 
 
Figure 5.7. S-cis methacrolein two faces of attack. 
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In the case of s-trans methacrolein a weak formyl hydrogen bond occurs between 
a chlorine and the formyl hydrogen (Figure 5.8). The energy difference between the O---H 
bond and the Cl---H bond structures is 2.3 kcal/mol. The relative energies indicate that 
there is an energetic preference for the O---H formyl hydrogen bond that follows the 
scheme outlined in this work. In addition, s-trans methacrolein can participate in a methyl 
beta hydrogen bond. The change in enthalpy between the formyl and beta hydrogen bonds 
is 4.4 kcal/mol in favor of the beta hydrogen bond. This energy difference accounts for the 
observed stereoselectivity of 72% for the 5.6 reaction with 5.3 in the ground state. 
 
 
Figure 5.8. Comparison of s-trans methacrolein puckering formyl hydrogen bond. 
5.6 Transition state control 
5.6.1 Curtin-Hammett Principle 
In order for the investigation of the Koga reaction set to be complete it must include 
the transition states of each respective reaction (acrolein and 2-methacrolein) and the 
associated products. In this way, the relative changes in enthalpy between various 
comparisons (s-cis v. s-trans, formyl v. alpha) can be obtained. 
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 These experiments require knowledge of the Curtin-Hammett principle.9,10 The 
Curtin-Hammett principle applies to systems in which different products are formed from 
two substrates in equilibrium with each other. In this case the two products are the 
enantiomer pairs of the acrolein and methacrolein reactions reported by Koga. 
In order to derive the Curtin-Hammett principle, consider a general reaction as follows:
 4 56← 8 9↔ ; 5<→ > (35) 
Assuming that the rapid equilibrium is a good assumption, and the rate of conversion from 
the less stable A or B to the product C or D is at least ten times slower than the equilibrium 
conversion from A to B. 
The rate of formation of C from A is given as
 ?[4]?B = CD[8] (36) 
and D from B is
 ?[>]?B = CE[;] ≈ G[8] (37) 
where the second approximate equality following from the assumption of rapid equilibrium. This 
assumption states that the ratio of the products C and D is[>][4] ≈ ?[D]?B x ?B?[4] = CE[;]CD[8] ≈ CEG[8]CD[8] = CEGCD  (38) 
This implies that [B]/[A] is approximately K throughout the reaction and therefore in terms 
of the GS and TS energies we obtain
 [>][4] ≈ JKLLM‡OP  
(39) 
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 The Curtin-Hammett principle can be separated into three distinct cases. In case 1, 
the more stable conformer reactions more quickly. This case occurs when the transition 
state from the major intermediate is lower in energy than the transition state from the minor 
intermediate. The major product is then derived from the major conformer and the product 
does not mirror the equilibrium conformer distribution. 
 In case 2, the less stable conformer reacts more quickly. This case occurs when 
despite an energetic preference for the less reactive species, the major product is derived 
from the higher energy specifies. In this case the less stable conformer reacts through a 
more stable transition state and ground state distribution does not affect the product. 
 In case 3, both conformers react at the same rate. In this case product distribution 
depends entirely on the energetics of the ground state distribution. 
5.6.2 Acrolein Curtin-Hammett investigation 
The Curtin-Hammett principle is utilized in this work to determine 1) the relative 
ratios of products based on the activation enthalpies, and 2) whether Koga’s Diels-Alder 
reaction is TS or GS controlled. Additionally, in an effort to gain insight into the catalytic 
ability of 5.1, a comparison is made between the uncatalyzed and catalyzed reactions.  
The first comparison made is to determine the preference of product 5.4 and 5.5 
utilizing s-cis acrolein as the starting ground state structure (Figure 5.9) The pro5.4 
activation enthalpy is 9.8 kcal/mol and the pro5.5 activation enthalpy is 8.3 kcal/mol. The 
application of the Curtin-Hammett principle based on Figure 5.10 indicates that there is 
85% ee in favor of 5.5. 
Utilizing the same set up, the comparison between product 5.4 and 5.5 utilizing s-
trans acrolein as the starting ground state structure (Figure 5.10). The pro5.4 and pro5.5 
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activation enthalpy is 11.9 kcal/mol. As a result, there is 0.0 kcal/mol enthalpy difference 
between the two transition states and application of the Curtin-Hammett principle results 
in a 0% ee. The expected 0% ee is not found by computations in this situation. The origin 
of this difference could not be located and must be addressed in future work. 
 
Figure 5.9. Curtin-Hammett plot of endo s-cis acrolein comparing between pro5.4 and pro5.5 TSs 
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Figure 5.10. Curtin-Hammett plot of endo s-trans acrolein comparing between pro5.4 and pro5.5TSs 
Insight into the preference between s-cis and s-trans acrolein is gained through the 
comparison of the ground and transition state structures for both the pro5.4 (Figure 
5.11)and pro5.5 (Figure 5.12) systems. Both comparisons result in a 0:1 ratio s-cis:s-trans. 
This ratio indicates that there is very little competition between s-cis and s-trans acrolein 
with a preference for the more stable s-trans conformation. 
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Figure 5.11. Curtin-Hammett plot of endo s-cis acrolein vs. s-trans for product 5.4. 
 
Figure 5.12. Curtin-Hammett plot of endo s-cis acrolein vs. s-trans for product 5.5. 
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The same analysis for the uncatalyzed systems is performed for the catalyzed 
systems. The first analysis compares pro5.4 and pro5.5 for the s-cis acrolein system 
utilizing the formyl hydrogen bond (Figure 5.13). The pro5.4 activation enthalpy is 5.4 
kcal/mol and the pro5.5 activation enthalpy is 3.3 kcal/mol. The application of the Curtin-
Hammett equation indicates a 94% ee in favor of 5.5. The analyzing the same system 
utilizing the beta hydrogen bond indicates a 98% ee in favor of 5.5 (Figure 5.14). The 
pro5.4 activation enthalpy is 5.8 kcal/mol and the pro5.5 activation enthalpy is 2.7 
kcal/mol. 
 
Figure 5.13. Curtin-Hammett plot of endo s-cis acrolein comparing between pro5.4 and pro5.5 TSs utilizing 
the formyl hydrogen bond 
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Figure 5.14. Curtin-Hammett plot of endo s-cis acrolein comparing between pro5.4 and pro5.5 TSs utilizing 
the beta hydrogen bond 
 The same analysis is used to determine the competition between the formyl and 
beta hydrogen bond for s-cis acrolein. The formyl:beta ratio for product 5.4 is 
29.4:1(Figure 5.15) and 7753:1 for 5.5 (Figure 5.16). These ratios indicate that the formyl 
hydrogen bond is essentially 100% occupied and the beta hydrogen bond is unoccupied. In 
order gain a complete understanding of the role of nontraditional hydrogen bonding in 
Lewis acid catalysis, s-trans acrolein needs to be considered. 
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Figure 5.15. Curtin-Hammett plot of endo s-cis acrolein comparing between the formyl and beta hydrogen 
bond TSs pro5.4. 
 
Figure 5.16. Curtin-Hammett plot of endo s-cis acrolein comparing between the formyl and beta hydrogen 
bond TSs pro5.5. 
 
 
274 
 
 The first analysis of s-trans acrolein utilizes the formyl hydrogen bond and 
indicates a 30% ee in favor of 5.5. The pro5.4 activation enthalpy is 4.0 kcal/mol and the 
pro5.5 activation enthalpy is 3.5 kcal/mol. The second analysis of s-trans acrolein utilizes 
the alpha hydrogen bond and indicates a 93% ee in favor or 5.4. The pro5.4 activation 
enthalpy is 1.5 kcal/mol and the pro5.5 activation enthalpy is 1.6 kal/mol. 
 
Figure 5.17. Curtin-Hammett plot of endo s-trans acrolein comparing between the pro5.4 and pro5.5 utilizing 
the formyl hydrogen bond. 
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Figure 5.18. Curtin-Hammett plot of endo s-trans acrolein comparing between the pro5.4 and pro5.5 utilizing 
the alpha hydrogen bond. 
 
The comparison between s-cis and s-trans acrolein for pro5.4 (Figure 5.19) 
indicates a trans:cis ratio of 2812:1. The same comparison for pro5.5 (Figure 5.20) shows 
a 188:1 trans:cis ratio. These ratios indicate that the s-cis conformation essentially 
unoccupied and therefore can be disregarded.  
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Figure 5.19. Curtin-Hammett plot of endo s-trans acrolein compared to endo s-cis pro5.4 utilizing the formyl 
hydrogen bond. 
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Figure 5.20. Curtin-Hammett plot of endo s-trans acrolein compared to endo s-cis pro5.5 utilizing the formyl 
hydrogen bond. 
Next it is necessary to consider the competition between the formyl and alpha 
hydrogen bond. The comparison for pro5.4 indicates a 0.7:1 alpha:formyl ratio (Figure 
5.21) and the comparison for pro5.5 0:1 alpha:formyl ratio (Figure 5.22). These ratios 
indicate that for pro5.4 there is some competition between the formyl and alpha hydrogen 
bond while for pro5.5 there is no competition and the formyl hydrogen bond is 100% 
preferred. 
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Figure 5.21. Curtin-Hammett plot for the competition between the formyl and alpha hydrogen bond of endo 
s-trans acrolein pro5.4. 
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Figure 5.22. Curtin-Hammett plot for the competition between the formyl and alpha hydrogen bond of endo 
s-trans acrolein pro5.5. 
The only relevant ratios are the comparison between pro5.4 and pro5.5 utilizing the 
formyl hydrogen bond and the alpha hydrogen bond. The competition between 5.4 and 5.5 
utilizing the formyl hydrogen bond indicates an enantiomeric excess of 30 % 5.5. The 
competition between 5.4 and 5.5 utilizing the alpha hydrogen bond indicates an 
enantiomeric excess of 93% 3B. 
To combine these two results, the ratio between formyl and alpha hydrogen bonding 
must be considered. The ratio of alpha to formyl hydrogen bonding is 0.7:1 for pro5.4, and 
as a result, we can weigh the observed enantiomeric excess for pro5.5. The resulting 
enantiomeric excess is therefore 
 0.7 ∗ 93%	JJ = 65.1%	JJ	\. ] 
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As a result, the resulting enantiomeric excess can be combined through simple subtraction 
to yield 35.1 % ee 5.4. 
 Therefore, we find a total enantiomeric excess of 35.1 % in favor of 5.4. This is 
larger than the expected 0% ee. This indicates that we approach the expected experimental 
value. As indicated in chapter 4, there is a need to consider the effects of solvent and crystal 
packing forces to achived the expected 0% ee. 
5.6.3 Methacrolein TS investigation 
The first comparison made is to determine the preference of product 5.7 and 5.8 
utilizing s-cis methacrolein as the starting ground state structure (Figure 5.24). The pro5.7 
activation enthalpy is 12.1 kcal/mol and the pro5.8 activation enthalpy is 9.3 kcal/mol. The 
application of the Curtin-Hammett principle based on equation 5.5 indicates that there is 
98% ee in favor of 5.8. 
Utilizing the same set up, the comparison between product 5.7 and 5.8 utilizing s-
trans acrolein as the starting ground state structure (Figure 5.25). The pro5.7 and pro5.8 
activation enthalpy is 13.5 kcal/mol. As a result, there is 0.0 kcal/mol enthalpy difference 
between the two transition states and application of the Curtin-Hammett principle results 
in a 0% ee. 
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Figure 5.23. Curtin-Hammett plot of exo s-cis methacrolein comparing between pro5.7and pro5.8 TSs 
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Figure 5.24. Curtin-Hammett plot of exo s-trans methacrolein comparing between pro5.7 and pro5.8 TSs 
Insight into the preference between s-cis and s-trans acrolein is gained through the 
comparison of the ground and transition state structures for both the pro5.7 (Figure 5.25) 
and pro5.8 (Figure 5.26). systems. Both comparisons result in a 0:1 ratio s-cis:s-trans. This 
ratio indicates that there is very little competition between s-cis and s-trans acrolein with 
a slight preference for the more stable s-trans conformation. 
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Figure 5.25. Curtin-Hammett plot of endo s-cis methacrolein vs. s-trans for product 5.7. 
 
Figure 5.26. Curtin-Hammett plot of exo s-cis methacrolein vs. s-trans for product 5.8. 
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The same analysis for the uncatalyzed systems is performed for the catalyzed 
systems. The first analysis compares pro5.7 and pro5.8 for the s-cis methacrolein system 
utilizing the formyl hydrogen bond (Figure 5.27) The pro5.7 activation enthalpy is 3.9 
kcal/mol and the pro5.5 activation enthalpy is 5.9 kcal/mol. The application of the Curtin-
Hammett equation indicates a 94% ee in favor of 5.7. The analyzing the same system 
utilizing the beta hydrogen bond indicates a 53% ee in favor of 5.7 (Figure 5.28). The 
pro5.7 activation enthalpy is 4.7 kcal/mol and the pro5.8 activation enthalpy is 5.4 
kcal/mol. 
 
Figure 5.27. Curtin-Hammett plot of exo s-cis methacrolein comparing between pro5.7 and pro5.8 TSs 
utilizing the formyl hydrogen bond 
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Figure 5.28. Curtin-Hammett plot of exo s-cis methacrolein comparing between pro5.7 and pro5.8 TSs 
utilizing the beta hydrogen bond 
 
 The same analysis is used to determine the competition between the formyl and 
beta hydrogen bond for s-cis methacrolein. The formyl:beta ratio for product 5.7 is 0.22:1 
(Figure 5.29) and 0.43:1 for 5.8 (Figure 5.30). These ratios indicate that there is 
competition between the formyl hydrogen bond. In order gain a complete understanding of 
the role of nontraditional hydrogen bonding in Lewis acid catalysis, s-trans methacrolein 
needs to be considered. 
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Figure 5.29. Curtin-Hammett plot of exo s-cis methacrolein comparing between the formyl and beta 
hydrogen bond TSs pro5.7. 
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Figure 5.30. Curtin-Hammett plot of exo s-cis methacrolein comparing between the formyl and beta 
hydrogen bond TSs pro5.8. 
 The first analysis of s-trans methacrolein utilizes the formyl hydrogen bond and 
indicates a 0% ee (Figure 5.32). The pro5.7 and pro5.8 activation enthalpy is 1.8 kcal/mol. 
The second analysis of s-trans acrolein utilizes the beta hydrogen bond and indicates a 93% 
ee in favor or 5.7 (Figure 5.33). The pro5.7 activation enthalpy is 5.3 kcal/mol and the 
pro5.8 activation enthalpy is 7.3 kcal/mol. 
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Figure 5.31. Curtin-Hammett plot of exo s-trans methacrolein comparing between the pro5.7 and pro5.8 
utilizing the formyl hydrogen bond. 
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Figure 5.32. Curtin-Hammett plot of exo s-trans methacrolein comparing between the pro5.7 and pro5.8 
utilizing the beta hydrogen bond. 
The comparison between s-cis and s-trans methacrolein for pro5.7 (Figure 5.34) 
indicates a cis:trans ratio of 0:1. The same comparison for pro5.8 (Figure 5.35) shows a 
0:1 cis:trans ratio. These ratios indicate that the s-cis conformation is unoccupied and 
therefore can be disregarded.  
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Figure 5.33. Curtin-Hammett plot of exo s-trans methacrolein compared to exo s-cis pro5.7 utilizing the 
formyl hydrogen bond. 
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Figure 5.34. Curtin-Hammett plot of exo s-trans methacrolein compared to exo s-cis pro5.8 utilizing the 
formyl hydrogen bond. 
 
Next it is necessary to consider the competition between the formyl and beta 
hydrogen bond for s-trans methacrolein. The comparison for pro5.7 indicates a 0:1 
beta:formyl ratio (Figure 5.35) and the comparison for pro5.8 0:1 beta:formyl ratio (Figure 
5.36). These ratios indicate that there is no competition between the beta and formyl 
hydrogen bond and the formyl hydrogen bond is 100% occupied. 
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Figure 5.35. Curtin-Hammett plot for the competition between the formyl and beta hydrogen bond of exo s-
trans methacrolein pro5.7. 
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Figure 5.36. Curtin-Hammett plot for the competition between the formyl and beta hydrogen bond of exo s-
trans methacrolein pro5.8. 
 
The above results indicate that the s-cis methacrolein and the beta hydrogen bond 
is unoccupied. The only relevant comparison is between 3C and 4C utilizing the formyl 
hydrogen bond this ratio indicates that there is a 0% ee. This does not approach the 72% 
ee observed by Koga. We find a computed enantiomeric excess of 0%. This is 72% less 
than the experimental value of 72% ee. This indicates that inclusion of explicit solvent 
molecules in necessary to achieve computed enantiomeric excess values that compare well 
with experimental values of enantiomeric excess. 
 
5.7 Summary 
Chapter 5 introduces, describes, and investigates the novel idea of the alpha 
hydrogen bond as a stereoselective control element that is developed and applied in 
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conjunction with the formyl hydrogen bond when bound to l -menthoxy aluminum 
dichloride, 5.1, to explain the observed 0% ee stereoselectivity of Koga’s reaction of 
acrolein, 5.2, with 1,3-cyclopentadiene, 5.3, to yield two adducts 5.4 and 5.5 in a racemic 
mixture. 
 In the first portion of Chapter 5, the comparison between the formyl and alpha 
hydrogen bonding in the simplified model of DMF•BF3 and DMA•BF3 indicates that there 
is a 1.8 kcal/mol energy difference where the formyl hydrogen bond is preferred. This proof 
of concept indicates that the alpha hydrogen bond should contribute to the observed 
stereoselectivity reported by Koga. 
In this work, we provided a proof of concept for the alpha hydrogen bond through 
a comparison of the DMF•BF3 structure considered in chapter 4 that can only form the 
formyl hydrogen bond and the DMA.BF3 structure that can only form the alpha hydrogen 
bond. There is a 1.8 kcal/mol energy difference between the formyl hydrogen bond and the 
alpha hydrogen bond in favor of the alpha hydrogen bond. 
In the second stage of chapter 5 the ground state investigation indicates consistency 
with Koga’s reaction of 2-methacrolein and 1,3-cyclopentadiene. However, the ground 
state analysis of acrolein indicates the need for further investigation the role of the alpha 
hydrogen bond in Koga’s reaction. While the ground state analysis of Koga’s reaction can 
predict the stereoselectivity of the 2-methacrolein reaction, TS state analysis is required to 
full capture the predicated 0% ee of the reaction of acrolein and 1,3-cyclopentadiene. 
In the third stage the transition state conformations of Koga’s Diels-Alder reactions 
are investigated utilizing both the formyl and alpha hydrogen bond. The Curtin-Hammett 
principle is invoked as a tool to interpret the reaction of 5.2 with 5.3. The Curtin-Hammett 
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principle combined with the Arrhenius equation shows that there is a 35.1% ee in favor of 
5.4. When compared to the experimentally determined 0% ee from Koga’s original work 
there is an increase in the computed values of 35.1% ee. This indicates that we successfully 
approach Koga’s reported enantiomeric excess however, future work is need to account for 
the solvent effects as discussed in Chapter 4.For the methacrolein reaction, application of 
the Curtin-Hammett principle indicates a 0% ee. Similar to the acrolein case, there is a 
difference between the computed enantiomeric excess and the experimentally reported 
enantiomeric excess that indicates a need to include explicit solvent effects.  
In summary, the competition between the formyl and alpha hydrogen bond in the 
case of acrolein was found to yield an enantiomeric excess of 35.1% towards the 
experimental ee of 0%, which supports the idea that the alpha and formyl hydrogen bonds 
are in stereochemical competition. This dissertation has resolved a significant problem in 
asymmetric organic chemistry that has persisted over 50 years. The importance of the 
newly discovered alpha hydrogen bond in competition with the formyl hydrogen bond and 
the role of solvent in polarizing the Lewis acid adduct catalysis are two key contributions 
advancing the knowledge of asymmetric catalysis.  
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